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Abstract 
 
Liquid crystals (LCs) are a promising microwave material due to their 
advantages of low voltage tuning, low cost, low power consumption. The first 
objective of this thesis is to develop a general design method for tunable 
microstrip devices using LCs working at microwave frequencies for wireless 
communications. As a second objective, the method was then applied to 
design, simulate and fabricate three types of filter to achieve different 
bandwidths and to maximise the tuning range.  
 
A novel general design method for tunable microstrip devices based LCs is 
first proposed. The design process consists of two stages, the first uses a 
lumped element modelling and the second, full wave simulation to optimise 
the dimensions.  The design process was tested and verified by designing 
tunable bandpass filters using ELC (Electric, inductive, capacitive) resonators. 
Three types of ELC resonators have been designed, simulated and fabricated. 
The comparison between the simulation and measured results shows that the 
proposed design method is effective, providing the electric field of the 
microwave signal is considered and is compatible with the LC switching.  
 
For the second objective, interdigital capacitor (IDC) filters and ring filters were 
investigated. The IDC filters were designed for 2.4GHz and 5GHz. Compared 
with LC devices working at 5GHz in the literature, the designed IDC filter using 
LCs has the largest tuning range. The tunable ring resonators were designed 
to have compact size and narrow bandwidth so that high frequency selectivity 
can be realized.   
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Impact Statement 
 
Due to the increasing demand for new wireless communication applications, 
there is a trend to integrate multi-band operations into a single device. More 
specifically, tunable filters allow selection of the multiple frequency bands, 
which have potential to reduce the size. Liquid crystals (LCs) are a promising 
microwave material due to their advantages of low cost, low power 
consumption. The use of LC as a tunable material has been considered in the 
development of microwave and Terahertz (THz) LCs applications in tunable 
phase shifters, resonators and filters.  
 
However, there is no clear methodology for a design process that can be 
widely applied to LC microwave devices based on microstrip configuration. In 
this thesis, a general design method for tunable microstrip devices using LCs 
working at microwave frequencies is developed and proposed. The method 
has been tested and verified by designing and measuring a variety of tunable 
LC devices, working at 2.4GHz and 5GHz. The proposed design methodology 
uses standard microwave design software and so can be directly used by other 
researchers.  
 
As well as the use in academic research, the designed filters can be used for 
industrial purposes. Nowadays, there are some liquid crystals tuanble 
bandpass filters available in the market, such as the KURIOS LC tunable 
bandpass filters by THORLABS and the tunable LC antennas by Merck, which 
allows them to pick up TV signals in the car. The proposed design method can 
be directly used by the industry or they can develop their own design 
procedures based on the proposed design method. Moreover, the LC devices 
designed and fabricated in this thesis are compact size, and they can be 
directly used to incorporate into the commercial products.  
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Chapter 1 Introduction, Motivation and 
Objectives 
 
1.1 Motivation 
 
Microwave frequencies (300MHz – 300GHz) are widely used in 
telecommunication systems (satellites, radar, mobile communications and 
wireless communications), due to the advantages in bandwidth and low 
interference [Torrecila, 2015]. The demand for communication systems is 
increasing and becoming complex of integrating multi-functions in one system 
[Chun, 2008]. The front end devices need to satisfy several functions of 
communication systems [Chun, 2008], such as working at multi-frequencies, 
compact size, etc.  
 
Tunable devices, that can realize multiple allocated frequencies in a single 
device and achieve a tunability (
∆𝑓𝑐
𝑓𝑐
) of more than 10% for multi-band, have 
become popular in recent years in modern commnunication systems [Zhang, 
2012]. Common applications using tunable filters and resonators include 
cognitive radio (CR) systems, next generation and 4G/5G smart phones, 
telecommunication systems, radars and WiFi communication systems 
[Naglich, 2012; Li, 2015; Nath, 2005; Fouladi, 2013]. Tunable filters used in 
multifunctional, multiband systems offer a number of advantages over fixed 
filter solutions over the same multiple bands which include: reduced size, low 
power consumption, a convenient tuning mechanism while maintaining low 
loss operation [Nath, 2005; Chaudhary, 2013].  
 
Many types of technology can be used to realize tunable microwave filters and 
resonators. The methods are generally separated as discrete tuning 
techniques and continuous tuning techniques. For the discrete tuning, the 
technologies used are PIN diodes and MEMS switches [Koochakzadeh, 2010; 
Goldsmith, 1999]. As for the continuous tuning, varactor diodes, MEMs 
capacitors, mechanical tuning and tunable materials are frequently used 
[Zhang, 2016; Rebeiz, 2009; Yun, 2002; Li, 2014].  
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Liquid crystals (LCs) are an example of a suitable tunable material for 
microwave applications. In the last two decades, liquid crystal materials have 
been widely used to make electro-optical devices, and flat panel displays 
[Prost, 1995]. Recently, however, the trend has shifted from optical 
applications to non-optical applications for LC materials. The anisotropy used 
to allow electro-optical switching can also be applied to switch the dielectric 
constant of LC layers used in devices covering other wavelengths (or 
frequencies in the electromagnetic spectrum). For example, liquid crystal 
tunable filters, resonators, shifters and antennas for microwave and Terahertz 
(THz) systems have been reported. This thesis is concerned with the use of 
liquid crystal layers in microwave devices for communication systems.  In the 
section 1.2, a review is given of different techniques to build tunable devices, 
and it provides reasonable support to focus the research on designing tunable 
devices using LCs.  
 
1.2 Tunable Devices at Microwave Frequencies 
 
In this section, different technologies to build tunable devices at microwave 
frequencies are reviewed and the advantages and disadvantages of each 
technologies are summarized. The comparison between the technologies 
makes LCs are suitable alternatives to construct tunable devices at microwave 
frequencies. Some examples of LC based devices are described so that the 
objectives of the thesis can be proposed. 
  
1.2.1 Tunable Devices Based on Other Technologies 
 
Mechanical tuning technique is one of the earliest tuning techniques used to 
build tunable filters and resonators. The mechanical tuning achieves tunability 
by physically moving a material or tuning screws to tune the resonant 
frequency [Yun, 2002; Huang, 2009]. Mechanical tuning has the advantages 
of high quality factor and high power handling capabilities, but their bulky size 
and low tuning speed are the main drawbacks [Naglich, 2012]. 
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PIN diode is commonly used to realize devices to switch in multiple frequency 
channels. PIN diode switches have high linearity, good isolation, and enable 
digital frequency tuning [Koochakzadeh, 2007]. But one of the drawbacks is 
that the bandwidth of these filters cannot be kept constant during the centre 
frequency tuning [Koochakzadeh, 2010]. 
 
MEMS-based tunable switches and capacitors can be excellent candidates for 
developing compact, reconfigurable, and tunable RF systems such as mobile 
phones, radar systems, and wide-band tracking receivers [Goldsmith, 1999; 
Gu, 2010; Rebeiz, 2009]. MEMS devices mostly use micrometre level 
movement to obtain a switching or adjust capacitance with the applied dc 
voltage. They have small size, low loss, and their linearity is high with low 
signal distortion [Rebeiz, 2003], [Dussopt, 2003], but the driving voltage is very 
high, which normally ranges from 20V to 100V. There are two different types 
of frequency-tuning methods for MEMS-based filters, analogue and digital. 
Analogue tuning is comparatively easy with MEMS varactors and provides 
continuous frequency variation, but the tuning range has been limited to 5%–
15%. For example, the tuning range in [Kim, 1999; Kim, 2002; Abbaspour-
Tamijani] is 4.2%, 10%, and 14%, respectively. In digital MEMS filters, discrete 
centre frequencies and wide tuning ranges are possible to realize. The 
advantage of digital MEMS filters is that they are less sensitive to bias, and 
the centre frequency has little change with temperature [Pothier, 2005].  
However, existing digital MEMS filters at microwave frequencies do not have 
enough resolution to result in near continuous coverage of the frequency band 
[Peroulis, 2001]. The MEMS filter in [Fourn, 2003] shows a filter has a tuning 
range of 44% but with poor frequency resolution.  
 
Varactor diodes are widely used in the design of microstrip tunable bandpass 
filters (BPFs) [Long, 2011; Zhang, 2016]. The varactor diode can achieve 
tuning by varying capacitance as a function of the reverse voltage applied 
across its p-n junction, and the variable capacitance is inversely proportional 
to the square root of applied voltage [Varactor, 2018]. Though varactor diodes 
have the drawbacks of low quality factor, poor linearity, and high driving 
voltage from 0V to 30V [Genc, 2009], they are widely used for building tunable 
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filters as they have fast tuning speed, high tunability even at lower microwave 
frequencies, compact size, low cost and good reliability. [Huang, 2014] uses 
coupled line filters to achieve a tuning range of 500MHz when the working 
frequency is designed to 1.8GHz. The tuning range of 1.1GHz is realized in 
[Boutejdar, 2016], which is designed to work at 5GHz.  
 
1.2.2 Tunable Devices Based on Tunable Materials  
 
Tunable materials, such as ferrites, ferroelectrics and semiconductors, are 
used to achieve the tunability by using external field in terms of electric or 
magnetic field to change the permittivity or permeability of the materials [Li, 
2014]. However, material loss and high voltage are the particular problems for 
these tunable materials used in microwave frequencies [Liu, 2015].  
 
YIG (yttrium-iron-garnet) filters, one of the most popular type among the 
magnetically tunable filters [Fjerstad, 1970; Tsai, 2009], are controlled by the 
change in ferromagnetic resonance frequency with an externally applied DC 
magnetic field [Bao, 2008]. The YIG filters have the advantages of a multi-
octave tuning range, low insertion loss and high power handling capability; 
however, they are high power consumption, large in size, difficult to integrate 
with monolithic microwave-integrated circuits, and their tuning speed is slow 
(GHz/ms), limiting their use in certain areas[Vendik, 1999]. 
 
Ferroelectrics have been widely proposed as an alternative material for 
tunable filters. The most intensively studied ferroelectric material at room 
temperature in this application is barium strontium titanate (BST). BST thin-
film varactors are small and light, and offer a good tunability and fast tuning 
speed to nanosecond and have low power consumption [Tsai, 1999]. In 
addition, ferroelectric devices can have high power handling capability and 
high linearity, at a cost of high DC tuning voltage [Vendik, 1999]. The relatively 
high loss of room-temperature microwave devices based on BST tunable 
filters has been a significant drawback which limits their microwave 
applications [Tombak, 2002].  
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1.2.3 Comparison of the Various Tuning Techniques 
 
The advantages and disadvantages of the various tuning techniques are 
summarized in Table 1.1.  
 
Technology Advantage Disadvantage 
PIN diodes high linearity 
Good isolation 
Enable digital frequency 
tuning 
Limited phase shift 
resolution 
MEMS Low loss 
High linearity 
Analogue MEMS: 
limited tuning range 
Digital MEMS: Low 
frequency resolution 
Varactor diodes Large tuning range High power 
consumption above 
1GHz 
High bias voltage 
YIG Small in-band insertion 
loss  
High power handling 
capability 
High power 
consumption  
Large in size 
Low tuning speed 
Ferroelectrics Large tuning range 
Low loss 
High bias voltage 
High power 
consumption 
Table 1. 1 Comparison of advantages and disadvantages for different tuning 
methods 
 
1.3 Liquid Crystal Microwave Devices 
 
Recently liquid crystals have attracted a lot of attention as electrically 
controllable dielectric media for microwave and Terahertz applications 
[Schaub, 2011]. In many ways, LCs are ideal for tunable devices. LCs has the 
advantages such as low cost, broadband operation (several GHz to 100s of 
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GHz), low voltage requirement, low power consumption, and constant value 
of group delay [Gennes, 1995; Camley, 2018].  Typical examples are their use 
in phase shifters, tunable filters, phased array and reflect array antennas. The 
description of these devices is divided into four main groups: (1) phase shifters 
and delay lines, (2) resonators, (3) filters. In the next section, liquid crystal 
tunable devices designed for operation at microwave frequencies are 
discussed. 
 
1.3.1 Phase Shifters Using LCs 
 
The first microwave devices using LCs was phase shifters in the early 1990s, 
where [Dolfi, 1993] developed a phase shifter using microstrip line on alumina 
substrate with K15 LC. Though only a phase shift of 5°/cm at 10.5GHz is 
reported [Dolfi, 1993], this phase shifter has found the possibility of using LC 
for microwave devices.   
 
[Martin, 2004] proposes two-phase shifters using inverted microstrip line, and 
the difference between the two devices are the line topology and the length of 
the active part. The first device works at the setting frequency of about 1GHz 
and the active part of the cell is 30mm long. The insertion loss is higher than -
4dB and return loss is lower than -10dB. The second device uses a periodic 
stub-filter line, and the setting frequency is 20GHz. The insertion losses are 
greater than -5dB and a return loss lower than -10dB. However, the results of 
both the phase shifter show that these shifters needs to be improved to 
achieve better return loss, as the return loss in these two devices are too small.  
 
Ring resonator is also used for the compact tunable Ka-band (20GHz~30GHz) 
phase shifter based on liquid crystal [Moessinger, 2010]. In the cavity, a 
100µm thick LC layer is embedded, which is a proper thickness for LCs. The 
measurement results show that the centre frequency can be shifted in between 
𝑓0 = 33.1 𝑡𝑜 35.4𝐺𝐻𝑧 with the tunability of 6.7%. The operating frequency is 
34.32GHz, and a continuously tunable phase shift of ∆φ=0 to 117.12°with a 
DC bias voltage of 0 to 40V.  Due to the small size of the ring resonator (2 ∗
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2𝑚𝑚2), this resonator can be connected in series and placed within the area 
of a unit cell employed in reflect-array antennas. 
 
Many phase shifters using LCs are designed to work at higher microwave 
frequencies. A W-band phase shifter is proposed using liquid crystal as a 
tunable dielectric layer underneath fixed MEMs bridges [Fritzsch, 2011]. The 
single unit consists of a CPW (coplanar waveguide) line on a 300um thick 
fused silica substrate, the ground planes are made of gold layer and the inner 
conductor is multi-metal layer. The results shows that with using the 14 unit 
cell of the resonator, it can achieve a phase shift of 92° with 2.4dB insertion 
loss at 76GHz, The tuning time is around 2ms for increasing and 21.2ms for 
decreasing the phase shift. The large difference between rise and fall time 
occurs and is normal for LC devices, as the LC molecule alignment with an 
electrical field is much faster than the self-alignment process from the 
alignment of molecules along the surface. In order to increase the response 
time, polymer dispersed liquid crystals (PDLC) can be employed. This work 
also shows a possibility use of combining the MEMS and liquid crystal, which 
might be a good way to combine the MEMS and liquid crystals to design a 
tunable filter.  
 
Another inverted microstrip structure is used for the phase shifter [Garbovskiy, 
2012]. LC W1804 was used with a large ∆n and low losses. The phase shift 
can be changed continuously from 0 to 300°/cm at 110GHz. A phase shift of 
about 600°/cm at 220GHz can be expected. This phase shifter shows no 
dispersion over the entire frequency, and due to the speed of delay of 
2.5ps/cm, it is a tunable true time delay at all frequencies.  It is a very efficient 
phase shifter, and the continuous shift over the frequency makes it possible to 
work at even higher frequency with good performance, and it opens the 
possibilities of using liquid crystal at very high frequency. 
 
1.3.2 Resonators Using LCs 
 
The major objective for the tunable resonators based on LCs is to characterize 
the liquid crystal materials at microwave frequencies [Camley, 2018]. There 
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are two techniques can be used to characterize the properties of LCs, the first 
involving measurement of a resonant circuit and computing the dielectric 
constant and loss tangent at resonant frequency and the second generating 
the electromagnetic properties of the scattering parameters which are 
influenced by replacing dielectric with LCs, respectively [Deo, 2015, Camely, 
2018].  
 
The photonic group of UCL and RF & Microwave research lab at Essex have 
published several papers on characterization of LC properties. [Yazdanpanahi, 
2010] use the first method and report a mm-wave planar patch resonator to 
measure the dielectric constant of LC E7 at 40GHz, which shows good 
agreement with existing literatures. It is the first time a comparison between 
using longitudinal and transverse preconditioned surface for the resonator. 
The second method is used by [James, 2011] who use a strip electrode 
separated from a ground plane by a dielectric layer. The dielectric properties 
and loss tangents of several types of LCs are characterized, and agree well 
with previous literatures. [Deo, 2015] use coplanar waveguide terminals with 
two dielectric layer microstrip structure to measure the dielectric constants and 
loss tangents of nematic LCs with 15GHz to 65GHz.  
 
The first method is also used by [Schaub, 2011], who present a method of 
performing microwave characterizations of nematic liquid crystals using a 
circular patch resonator and finite-element software. BL006 LC is used over 
the frequency range of 4.8–8.7 GHz. The computed values for BL006 agree 
well with those found in the literature. This method benefits from simple 
resonator construction, straightforward simulations, and accuracy that derives 
from the finite element’s detailed modelling of coupling and geometry of the 
fabricated device.  
 
A tunable S-band resonator with an operational frequency of 3.5GHz was 
presented by [Yaghmaee, 2012]. The two sandwiched liquid crystal samples 
(K15 and GT3-23001) in this resonator allowed for 4% and 8% tuning range, 
respectively. The results show that the measured frequency moves from 
2.93GHz to 2.70GHz with the bias voltage of 0 to 30V, when using GT3-23001. 
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Another work of [Yaghmaee, 2013] proposes a five-layer tunable bandpass 
filter operating at a frequency of around 3.0GHz. When using K15 LC, the 
prototype measurement of tuning range is 4%, compared with the tuning range 
of 4.4% computed in CST. When using GT3-23001, 8.3% and 8.2% are the 
tuning range for simulation and measurement. These works suggest new 
possibilities for applications of LC at even a lower microwave frequencies, for 
example, it could be used for body-centric communications or WiFi 
applications which require tunability at a low microwave frequencies. However, 
the tuning ranges reported in these literatures are relatively small. Using LCs 
with wider range of dielectric constant might be a good way to increase the 
tuning range. 
 
1.3.3 Filters Using LCs 
 
Filters are very important components in modern telecommunication systems. 
However, in spite of the importance, there are not many reported studies of 
tunable filters based on LCs [Camley, 2018]. The reported tunable filters based 
on LCs are notch filters and bandpass filters. One of the earliest proposed 
tunable filters based on LCs is reported by [Bernigaud, 2006]. They use a half 
wavelength open-circuited stub resonator and a second-order dual behaviours 
resonator filters to achieve a few percent of tunability at lower microwave 
frequencies. The advantage of this design is that a LC cavity is drilled in the 
substrate, which will prevent LC from leaking. It may be a good way to create 
LC cavity, but it is difficult to control the thickness of drill, and thicker layer of 
LCs decrease the response time of LCs. Also, if the surface is damaged by 
the drill, it is difficult to maintain a flat surface for the alignment layer. Another 
liquid crystal tunable bandpass filter is presented by [Goelden, 2010]. The 
proposed three-pole filter designs to work at around 20GHz, and it can achieve 
a tuning range of 2GHz, which corresponds to a tunability of 10%.  Due to the 
metallic loss, the insertion loss is rather high. Therefore, the measured results 
are not so close to the simulated results.  
 
Tunable coupled microstrip line filter is also used for bandpass filter 
[Yazdanpanahi, 2012], which is based on parallel-coupled line structure. This 
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filter has been developed with an operational frequency of 33GHz, and the E7 
liquid crystal employed in this structure demonstrates the frequency tuning of 
up to 2GHz. As the first tunable parallel-coupled microstrip lines filter based 
on liquid crystal, the main drawback of this design is that the insertion loss 
needs to be significantly improved.  
 
Except for the high microwave frequencies using tunable filters based on LCs, 
lower microwave frequencies has also drawn researchers’ attention. In order 
to achieve higher tunability, dual-mode technology, which can realize a two 
pole filter with only one (physical) resonator, is used in the design of 
microwave bandpass filters due to its advantages in size and compactness 
[Torrecilla, 2013]. The filter central frequency has been tuned from 4.54GHz 
to 5.19GHz, and tuning range relative to the central frequency is 13.4%. 
Though the tuning range is good, the resonant bandwidth is very wide, which 
may lead to poor frequency selectivity. 
 
Not only can liquid crystal be used for bandpass filters, but also notch filters 
can employ liquid crystal. The research group from University Carlos III de 
Madrid has reported several studies about bandstop filters using LCs. It is a 
band-rejection filter with a narrow stopband and it is based on inverted 
microstrip line technology. Conventional microstrip line structure is not 
compatible to use as the LCs devices, since a cavity is needed to contain LCs. 
Therefore, using inverted microstrip is a good alternative to use for LC devices. 
The rejection frequency of the notch filter is from 4.85GHz to 4.45GHz, with 
the tunability of 9%. The stopband filter attains a rejection of about 24dB which 
remains almost constant as the voltage is increased from 0 to 15 Vrms. It used 
the thickness of 250µm for the spacer, and this thick layer can decrease the 
tuning speed of LCs. The thickness of around 100µm of LCs layer is preferred 
to use. A spiral structure [Torrecilla, 2013] is also used for tunable notch filter 
based on liquid crystal, which provides a reduction of the device size with 
respect the conventional spurline topology. The liquid crystal used is nematic 
liquid crystal, 1631E, which dielectric constant and losses are unknown. The 
results indicate that the centre frequency 𝑓0= 3.75 to 3.40GHz with the voltage 
of 0 to 12 Vrms. The tunability is 9.8%. The dielectric constant of this LCs is 
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approximately known by comparing the measured results and simulation 
results to find out the corresponding dielectric constant. This method is an 
easy way to get to know some characteristics of the LCs used in this paper.  
 
[Skuski, 2013] propose a tunable microwave band stop filter which is based 
on the use of inverted microstrip line technology. It used the liquid crystal 1825 
produced at the Military University of Technology in Warsaw. The tuning range 
of this filter is 275MHz when the bias voltage changes between 0V and 6V. 
LCs with lower dielectric loss can be used to obtain narrower stop bands.  
 
1.3.4 Consideration for Optimizing the Performance of Liquid Crystal 
Devices 
 
In order to optimize the performance of liquid crystal based tunable microwave 
devices, there are some factors need to be considered [Camley, 2018] 
 
1. The thickness of the microstrip line needs to be considered. In order 
to optimize the performance, the thickness of the line should be 
chosen at least 3 times bigger than the skin depth. 
 
2. The dielectric substrate used to support the microstrip line needs to 
be low loss microwave materials. Rogers Duroid materials are chosen 
to use in this project due to their low loss at microwave frequencies. 
 
 
3. The losses associated with the devices and liquid crystals materials 
are important factors. Though LC has relatively low loss, but it is not 
zero loss in microwave region. The loss tangent of LCs varies from 
0.001 to 0.09.  
 
4. The driving voltage to switch the LC directors is important. Using AC 
voltage is preferred.  
 
 
5. The tuning speed of LC is also important. Thicker layer of LC 
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increases the response time of LCs. Therefore, the proper thickness 
is needed to allow fast switching.   
 
All of the considerations need to be evaluated and optimized so that best 
performance of the LC based devices can be achieved [Camley, 2018].  
 
1.4 Objective of the Thesis  
 
Based on the literature review demonstrated above, the primary motivation 
and objective of this thesis is to design tunable resonators and filters using 
liquid crystals for modern wireless communication systems. In the design of 
LC devices, the LC layer requires a ground plane to apply the modulating 
voltage to control the dielectric constant to provide the frequency tuning. This 
requirement of the LC layer make the microstrip configuration the most 
compatible. The motivation and objective help to divide the task into two 
research objectives as follows. 
 
1. A novel general design method for tunable microstrip devices using LCs 
needs to be proposed and verified. The design method can be used as 
a guide to design tunable microstrip devices using LCs at microwave 
frequencies.  
 
2. Another goal of this thesis is to design, fabricate and measure of 
different types of tunable devices and applications using LCs at 
microwave frequencies. The proposed design method is used to design 
the different types of LC devices.  
 
1.5 Organization of the Thesis 
 
This section presents the organization of the thesis. In this chapter, the 
motivation, relevant literatures about technologies to realize tunable devices 
at microwave frequencies are studied, followed by the objectives of the thesis.  
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In Chapter 2, in order to realize the objectives of the thesis, the theories behind 
tunable microstrip resonators and filters using LC are investigated. The tuning 
mechanism of how LC directors responds to the external bias voltage and how 
to model LCs in full wave simulations are explained in the first section. Since 
the thesis focuses on designing tunable resonators and filters, the parameters 
used to measure the performance of the resonators and filters are studied. 
With the understanding of LCs, the inverted microstrip structure is determined 
to use to build LC devices as this structure is compatible to use for LC devices 
with the advantages of containing a cavity for LCs and can apply external 
voltage to switch LCs. The frequently used microstrip discontinuities are 
demonstrated in the last section. 
 
In Chapter 3, the fabrication process of tunable devices based on LCs are 
stated. Different methods to pattern electrodes have been investigated and the 
different methods have been chosen to use for this thesis with the 
consideration of the resolution for the devices. The assemble process and LCs 
injection have also been studied to make sure LCs are well sealed in the 
devices and bubbles in LCs should be avoided. The measurement setup is 
also described, which is used to measure all the fabricated devices in the 
thesis. 
 
In Chapter 4, the novel general design method for tunable microwave LC 
devices based on microstrip configurations is proposed. The design process 
consists of lumped element modelling and full wave simulation, respectively.  
The approximation of using LCs as homogeneous anisotropic materials is also 
checked by comparing the electric field at resonant frequency from full wave 
simulation and the detailed switching of LC directors from an in-house finite 
element modelling package.  
 
Chapter 5 focuses on testing and verifying the general design method stated 
in Chapter 4. Three types of tunable resonators using electric capacitive 
inductive (ELC) resonators are designed, simulated and fabricated. The 
comparison between the results shows that the proposed novel general design 
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method is correct and effective to use. Therefore, this design method is used 
for the following designs. 
 
In order to satisfy the second objective of the thesis, Chapter 6 and 7 focus on 
designing different types of tunable resonators for different use. In Chapter 6, 
the tunable resonators are designed with using the interdigital capacitors 
(IDCs). The tunable resonators are designed to work at 2.4GHz and 5GHz, 
respectively. The tunable resonator using IDC at 5GHz has the largest tuning 
range, compared with other tunable resonators and filters using LCs in the 
literature. In Chapter 7, the ring resonators are used to design tunable 
resonators with narrow bandwidth. The tunable resonator using ring resonator 
also have the advantages of narrow bandwidth, good return loss and low 
insertion loss. However, compared with tunable resonator using IDCs, the size 
is relatively bigger.  
 
Finally in Chapter 8, the work in the thesis is summarized, and the future work 
of the research is also presented.  
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Chapter 2 Background of LCs and Microstrip 
Lines 
 
In the previous chapter, the objectives of the thesis are determined to be 
developing a general design method for tunable microstrip devices using LCs 
and to design and build different types of tunable resonators and filters. 
Therefore, in this chapter, it is important to understand the considerations and 
basic theories for designing tunable devices using LCs. In order to understand 
how LC can be used as the tuning layer to realize tunable devices, in the first 
section, the types of LCs to use and how LCs are switched by external voltage 
to realize tuning are explained. After understanding the principle behind LC 
switching, the LC response time, which affects the choice of the thickness of 
LC cavity and how to calculate the tunability are explored. Next, how to model 
LCs in the full wave simulation software at unswitched and switched state are 
explained. Based on different situations, LCs can be simulated as a single 
block or multiple blocks.  
 
Microwave filters are the devices designed and built in this project. The 
background description of microwave filters is stated, and most of them can 
be treated as a two-port network. Under this context, the scattering parameters 
and how to use the parameters to quantify the performance of the microwave 
filters are explained. The quality factor of the microwave resonators, another 
important parameter, is used to illustrate the performance in terms of the filter 
selectivity. Transmission line technology is chosen to realize the filter design 
with the considerations of achieving high quality factors and the compatibility 
with LC devices. 
  
The requirements of the LC layer leads to the fact that inverted microstrip lines 
are best suited to use to design the LC devices, which is a special 
configuration of microstrip line, is introduced. It allows to form the cavity to 
contain LCs between ground plane and electrode structures and makes it easy 
to apply external voltage to switch the LCs. In the last section, some types of 
microstrip discontinuities, frequently used in microstrip structure, are 
described.  
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2.1 Properties of Liquid Crystal  
 
Liquid crystals are mesophases between solid/crystalline and liquid/isotropic 
[Gennes, 1995]. The constituents of LCs are organic molecules with rod-like 
or disk-like shapes. The size of the LC molecules is typically a few nanometres 
[Gennes, 1995]. At higher enough temperatures, the molecules of LCs are in 
the isotropic liquid state, and they do not have positional and orientational 
order. The molecules easily moves around and behaves like regular liquid 
[Kelker, 1980]. When the temperature is decreased, it transforms into the 
nematic phase, which has orientational order but no positional order [Kelker, 
1980].When the temperature is decreased further, the molecules may 
transform into smectic phase, where there is orientational order and partial 
positional order [Kelker, 1980]. The nematic LCs are the most commonly used 
LCs for displays and used at microwave frequencies, because of their 
suitability for thick layers, cheapness and compactness [Bahadur, 1992]. In 
this project, only the nematic LCs are used. 
 
2.1.1 Nematic Liquid Crystal 
 
The ‘nematic’ is derived from Greek which means thread, and it represents the 
appearance of this crystalline phase under crossed polarisers [Bahadur, 1992]. 
Though the molecules in this state can still diffuse around, the average 
direction of the long axis of a molecule is well defined [Chigrinov, 1999]. The 
average direction of the long molecular axis is denoted by ?⃗? , which is a unit 
vector called the liquid crystal director [Chigrinov, 1999]. The short axis of the 
molecules do not have orientational order and so nematic LCs are uniaxial.  
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Figure 2. 1 Schematic diagram showing the orientation of rod-like molecules 
 
A diagram of the orientation of the rod-like molecules is shown in Figure 2.1. 
The z axis is chosen parallel to ?⃗? . The order parameter S describes 
quantitatively how the LC is arranged and it is the average over a large number 
of molecules and is defined as [Kelker, 1980]:  
𝑆 = 〈
3𝑐𝑜𝑠2𝜃−1
2
〉                                                        2-1 
 
𝜃  is the angle between a molecule at a given instant and the director 
orientation ?⃗? . The angled brackets indicate an average over a large number of 
molecules. When S=0, there is no orientational order, which means a randomly 
aligned material, for example, the isotropic state [Yaghmaee, 2013]. When 
S=1, all the molecules are parallel to the director [Yaghmaee, 2013]. The 
typical values for the order parameter as a liquid crystal is 0.9 above the solid-
nematic transition temperature, going down to 0.3 when the temperature rises 
to below the nematic-isotropic transition [Kelker, 1980]. 
 
2.1.2 Tuning Mechanism and Dielectric Anisotropy of LC   
 
As explained previously, the nematic LCs is uniaxial and in order to define the 
permittivity of LCs, two permittivity values described as 𝜀𝑟‖ and 𝜀r⊥ are defined, 
which correspond to the parallel and perpendicular directions of the LC director 
[Garbovskiy, 2011]. The parallel and perpendicular directions are the 
directions between the director ?⃗?  and to direction of the applied electric field. 
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The LCs are initially aligned with the alignment layers which fix the LC directors 
and along the desired direction without voltage applied.  
  
As shown in Figure 2.2(a), when LCs are pre-aligned with alignment layer and 
no voltage applied, the director ?⃗?  is parallel to the metallic layers which 
contains the LCs and presents a dielectric permittivity of 𝜀r⊥ to electric fields 
applied between the electrodes, and known as the perpendicular state. The 
effective relative permittivity is 𝜀𝑒𝑓𝑓 = 𝜀⊥, since directors orient parallel to the 
metallic layer and perpendicular to the direction of the applied electric field. In 
this case, the permittivity tensor is defined as  
 
                                 
𝜀⊥
↔ = (
𝜀‖ 0 0
0 𝜀⊥ 0
0 0 𝜀⊥
)                                                 2-2 
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(a) 
 
(b) 
 
(c) 
Figure 2. 2 Liquid crystal molecule orientation at (a) No voltage applied and with 
alignment layer (b) Voltage applied, but not reach the saturation voltage (c) At the 
saturation voltage 
 
As the bias voltage 𝑉 starts to increase to pass the threshold voltage and not 
reach the saturation voltage, the LC directors start to continuously switch from 
perpendicular to parallel state, as shown in Figure 2.2(b). The dielectric 
anisotropy Δ𝜀 is the difference between the perpendicular and parallel state 
and can be expressed as [Yaghmaee, 2013]  
                                     ∆𝜀 = 𝜀‖ − 𝜀⊥                                                             2-3 
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The permittivity tensor in this state can be described as  
 
               𝜀 = (
𝜀⊥ + Δεsin
2𝛼 0 Δε sin 𝛼 cos 𝛼
0 𝜀⊥ 0
Δε sin 𝛼 cos 𝛼 0 𝜀⊥ + Δεcos
2𝛼
)                                    2-4 
 
where the 𝛼 is the average angle between the molecule axis and the director 
?⃗? . The dielectric anisotropy ∆𝜀 can be positive or negative. In this thesis, due 
to better performance at microwave frequencies, the LCs with positive 
dielectric anisotropy are used, where 𝜀𝑟‖  is generally greater than 𝜀r⊥ . For 
nematic LCs, it is easier to spin around the long molecular axis than to rotate 
around a short molecular axis [Chigrinov, 1999], which means that the 
characteristic frequency for 𝜀⊥ is higher than the characteristic frequency for 
𝜀𝑟‖ [Chigrinov, 1999]. 
 
When the saturation voltage is reached, most of the LC directors are parallel 
to the direction of electric field and perpendicular to the metallic layers. This is 
generally referred to as the parallel state as shown in Figure 2.2(c). In this 
state, the relevant effective permittivity (𝜀𝑒𝑓𝑓) becomes 𝜀‖, and the permittivity 
tensor at this state can be expressed as 
 
    
𝜀‖
↔ = (
𝜀⊥ 0 0
0 𝜀⊥ 0
0 0 𝜀‖
)                                                        2-5 
 
Upon removal of the voltage, the LC returns to the direction defined by the 
surface alignment. This is achieved by the elastic constants, which are the 
parameters describe the restoring forces on the director with a liquid crystalline 
phase. The three types of distortion in the director field, splay, twist and bend, 
leads to three elastic constants of K11, K22 and K33, and more description of 
these elastic constants can be found in [Prost, 1995]. When removes the 
voltage, the defined direction is restored by the elastic forces originating at the 
surface between the liquid crystals and the alignment layers.  
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Figure 2.3 shows the switching and change of permittivity with different bias 
voltages. The LCs has a threshold voltage Vth, above which the reorientation 
of the LC molecules take place [Prost, 1995]. After the threshold voltage, there 
is a sharp rise in the permittivity until the fully saturation voltage is reached. 
Above the saturation voltage, the permittivity almost remains unchanged.  
 
 
Figure 2. 3 Permittivity of LC versus bias voltage change 
 
As discussed above, when applying the external voltage to the LC layer, the 
effective permittivity has a continuous variation from perpendicular to parallel 
states. The permittivity at perpendicular and parallel state can be used as the 
effective permittivity to achieve tuning. Based on this tuning mechanism, LC is 
compatible to be used to design tunable devices. The larger the dielectric 
anisotropy, the larger tuning range can be achieved.  
 
2.1.3 Response Time 
 
The LC director response time 𝜏  can be expressed using the following 
equations [Prost, 1995] 
𝜏𝑜𝑛 =
4𝜋𝛾1𝑑
2
𝛥𝜀𝑉2−4𝜋3𝐾𝑖
                                                        2-6 
                            𝜏𝑜𝑓𝑓 =
𝛾1𝑑
2
𝐾𝑖𝜋2
                                                            2-7 
where 𝛾1 is the rotational viscosity, d is the thickness of the LC layer, V is the 
applied external voltage, 𝛥𝜀  is dielectric anisotropy, 𝐾𝑖  is elastic constant 
39 
 
corresponding to different electrooptical effect. For nematic LCs, the response 
times are proportional to 𝑑2. 
 
As can be seen from the equation 2-6 and 2-7, thickness d of the LC layer 
affects the response time of LCs, especially when using thick layer of liquid 
crystal, the response time will become very slow [Garbovskiy, 2011]. If it is 
required to use a thick layer of LCs and the switching time is not slowed, the 
polymer network, such as the polymer dispersed liquid crystals (PDLC) are 
considered to use. PDLC is not a new phase like smectic or nematic, it is 
simply a different way of packaging the LCs.  
 
The most common PDLC is polymer dispersed nematic liquid crystal, and the 
director configuration inside a nematic droplet is determined by the droplet 
shape and size, the anchoring condition on the droplet surface and the 
externally applied field, as well as the elastic constants of the liquid crystal 
[Yang, 2006]. The high electric field might be a disadvantage of using PDLC, 
because it requires a higher voltage compared with using normal liquid crystals, 
which uses voltage up to tens of volt. Compared with normal liquid crystal, the 
external voltage used for PDLC will be higher and it will be around 50V.  
 
2.1.4 Tunability and Tuning Range of LC Microwave Devices 
 
The continuous variation of the effective permittivity between perpendicular 
and parallel states is achieved by the continuous change in the bias voltage. 
As discussed above, the changes in permittivity results in the changes of 
resonant frequency. The performance of the tunable devices can be measured 
with the tunability and tuning range, which quantitatively describe the 
maximum tuning of the devices and are useful to directly compare the 
performance of the devices working at same frequency range. The tunability 
can be expressed as a function of the highest and lowest resonant frequencies 
𝑓ℎ and 𝑓𝑙 as [Yaghmaee, 2013] 
                     𝑇𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝑓ℎ−𝑓𝑙
𝑓ℎ
) ∗ 100%                                               2-8 
or                          
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        𝑇𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝑓ℎ−𝑓𝑙
𝑓𝑙
) ∗ 100%                                                2-9 
depending on which frequency is the reference frequency.  
 
2.1.5 Modelling of LC in Full Wave Simulation 
 
LCs have different effective dielectric constant, and they are anisotropic 
material. Therefore, LCs can be modelled with electromagnetic simulation 
software as a material with varied permittivity and loss tangent based on the 
switching of the LC directors. In most cases in this project, LCs are reasonable 
to be modelled as a single block of homogenous anisotropic material, which is 
clearly explained in Chapter 4. As shown in Figure 2.4 (a) and (b), the LCs 
between the two metallic layers are simulated as homogeneous anisotropic 
material in both unswitched and switched state, and the values for these states 
can be found using equation 2-2 and 2-5.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 2. 4 The modelling of LC director at (a) unswitched state using single block 
(b) switched state using single block (c) switched state using multiple blocks 
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For the edge of the electrodes at the switched states, LCs can be modelled in 
a different way. Figure 2.5 shows the detailed switching of LC directors at 
switched case for the edge of electrodes using in house finite element 
modelling package-QLC3D [Deo, 2015]. Figure 2.5 shows that beyond the 
edge of the electrodes, the LC is only partially switched contributing to a 
lowering of the effective permittivity for this region. In this situation, the LC 
region can be divided into several homogeneous parts. In this thesis, as shown 
in Figure 2.4(c), the LCs are divided into three parts a, b and c, which 
corresponds to fully switched, partial switched and no switch. In the part a, 
most of the directors are fully switched and the value used for part a can be 
found with equation 2-2. In the part b, LCs are partially switched, and the 
permittivity can be found with equation 2-4, where the angle θ is defined as 
𝛼 = 45°. In the part c, LCs are not affected by the electric field, which means 
the LC directors do not switch. The value used for this situation can be found 
with equation 2-5.  
 
 
Figure 2. 5 The LC directors distributions for the switched state at the edge of 
electrodes. The thick brown lines added to the pictures indicate the position of the 
electrodes. The ground electrode covers the whole of the bottom surface. Ground 
plane is the bottom layer, and its size is 40×32mm. Top electrode is half of the IDC 
fingers, it is around 0.15mm. 
 
2.2 Overview of Microwave Resonators and Filters 
 
Filters are an important and frequently occurring part of the modern 
communication systems. A filter is a frequency selective device, and it usually 
has two ports. From the input to output port, a filter can pass through the 
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desired frequency band and reject the undesired frequency [Temes, 1973]. 
There are five types of filters, which are lowpass filter, bandpass filter, 
bandstop filter, highpass filter and all-pass filter. Lowpass filters can serve as 
a prototype to design many practical filters with frequency and element 
transformations. Based on different transfer functions, there are different kinds 
of responses, such as Chebyshev response, Butterworth response and Quasi-
elliptic response [Temes, 1973].  
 
Figure 2. 6 S-parameters for two port network 
 
At microwave frequencies, most resonators and filters can be represented as 
a two-port network shown in Figure 2.6. It is difficult to measure the voltage 
and current at microwave frequencies, therefore, the scattering parameters (S-
parameters) are introduced to measure the performance of the resonators and 
filters at microwave frequencies. The S-parameters are obtained when there 
is perfect impedance matching at both input and output ports [Poole, 2015]. 
The S-parameters are transmission and reflection coefficients and S12 and S21 
are the transmission coefficients and S11 and S22 are the reflection coefficients. 
In this thesis, the resonators and filters are reciprocal and symmetric two-port 
network, thus 𝑆12 = 𝑆21 and 𝑆11 = 𝑆22. These S-parameters can be expressed 
as a function of the ratio of the power between the input and output of a two-
port network. The 𝑎1 is the power entering port 1 and leaves as the power of 
𝑏2 at port 2. Any power 𝑎2 entering the output port, such as the reflection, 
leaves port 1 as the power of 𝑏1. The matrix containing the S-parameters is 
referred to as the scattering matrix and can be written as  
[
𝑏1
𝑏2
] = [
𝑆11 𝑆12
𝑆21 𝑆22
] [
𝑎1
𝑎2
]                                                           2-10 
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The measurement of the S-parameters can reflect the performance of the 
designed microwave resonators and filters. In particular, the insertion loss (𝐿𝐴) 
and return loss (𝐿𝑅) derived from S-parameters are the parameters which are 
important in filter characterization. These two losses are given in decibel (dB) 
with the logarithm operation is base 10.  
 
The insertion loss is the ratio of the power leaving output port 2 and the power 
entering input port 1. The insertion loss occurs if there is impedance mismatch 
at the input or output of the filter, or the dissipative loss with each reactive 
element [Poole, 2015], and 𝐿𝐴 can be expressed as 
𝐿𝐴 = 20𝑙𝑜𝑔|𝑆21|𝑑𝐵 = 10𝑙𝑜𝑔
𝑏2
𝑎1
                                        2-11 
 
The value of the insertion loss should be very low in the passband and very 
high at reject band. The acceptable loss will depend on the applications. For 
bandpass filter, there is no specific value that the insertion loss should be less 
than, but the insertion loss should be as small as possible. As shown in Figure 
2.7, which shows a typical filter response for the bandpass filters with the S-
parameters, the 𝑆21  indicates an insertion loss of 0.05dB at resonant 
frequency. 
 
The return loss is the ratio of the power reflected at port 1 and the power 
entering at port 1. It happens when mismatching the impedance between 
components, and it is determined by the material properties and dimensions 
of the structures, and 𝐿𝑅 can be expressed as [Poole, 2015] 
𝐿𝑅 = 20log |𝑆11|𝑑𝐵 = 10𝑙𝑜𝑔
𝑏1
𝑎1
                                       2-12 
 
The 𝐿𝑅 measures how much power is reflected for the device. For bandpass 
filters, the return loss should be high at the passband frequency and low at the 
reject frequency.  The larger value for the return loss indicate a better quality 
for the device. The 𝑆11 shown in Figure 2.7 has a return loss of -26dB at the 
resonant frequency of 4.9GHz. 
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Figure 2. 7 A typical filter response of the bandpass filters with S-parameters 
 
In order to design a tunable filter with good performance, not only do the 
insertion loss and return loss need to be considered, but also the frequency 
selectivity of the filter needs to be considered. The selectivity can be measured 
by the quality factor (Q), and it is defined as the ratio between the centre 
frequency (𝑓0) of the filter and the 3dB bandwidth (BW) for a single resonator 
(𝑄 =
𝑓0
𝐵𝑊
). If a filter has a high Q, it is narrowly selective. 
 
Distributed elements and transmission lines can be used to design devices at 
microwave frequencies while maintaining high quality factor [Hong, 2004]. In 
order to be compatible with the LC device structures, transmission lines, more 
specifically, microstrip lines are the most appropriate structures to use to 
design the LC devices.  
 
2.3 Microstrip Lines Used for LC Devices 
 
Microstrip line is one of the most widely used transmission lines for designing 
microwave devices, it is used to design resonators [Hong, 2000; Hong, 1996], 
phase shifters [Osadchiy, 2003; Weil, 2002], antennas [Varadan, 1999], and 
filters [Swanson, 2007; Yi, 2009], etc.  
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2.3.1 Microtrip Line Structure 
 
A microstrip transmission line consists of a conductive strip of width W and 
thickness of t and a ground plane, separated by a dielectric layer (substrate) 
of thickness of h, and the dielectric constant of 𝜀𝑟 as shown in Figure 2.8 [Bahl, 
1977]. Using microstrip technology, it is possible to mount all the active 
components on the top of the board [Bahl, 1977]. If the dielectric substrate is 
thin (ℎ ≪ 𝜆), the electromagnectic field can be modelled as a quasi-TEM wave, 
and it simplifies the analysis of microstrip line [Poole, 2005]. 
 
 
Figure 2. 8 Microstrip structure 
 
The transmission characteristics of the microstrip line are described by two 
parameters, namely, the effective dielectric constant 𝜀𝑒𝑓𝑓 and characteristic 
impedance 𝑍0. According to [Bahl, 1977], the design equations for microstrip 
line are as follows  
 
The guided wavelength is  
                               𝜆𝑔 =
𝑐
√𝜀𝑒𝑓𝑓𝑓0
=
𝜆
√𝜀𝑒𝑓𝑓
                                                       2-13 
The effective dielectric constant  
                     𝜀𝑒𝑓𝑓 =
𝜀𝑟+1
2
+
𝜀𝑟−1
1√1+12(
ℎ
𝑊
)
,
𝑊
ℎ
> 1                                           2-14 
 
𝜀𝑒𝑓𝑓 =
𝜀𝑟+1
2
+
𝜀𝑟−1
2
{[1 + 12 (
ℎ
𝑊
)]
−1
2
+ 0.04(1 −
ℎ
𝑊
)2},
𝑊
ℎ
< 1                   2-15 
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The characteristic impedance 𝑍0  is found as follows if width (W) of the 
microstrip and thickness (h) are known [Bahl, 2003] 
For high impedance 
𝑊
ℎ
< 1   
𝑍0 =
𝜂
2𝜋√𝜀𝑒𝑓𝑓
ln (
8ℎ
𝑊
+
𝑊
4ℎ
)                                                 2-16 
For low impedance 
𝑊
ℎ
> 1 
𝑍0 =
𝜂
√𝜀𝑒𝑓𝑓
{𝑊/ℎ + 1.393 + 0.677𝑙𝑛 (𝑊/ℎ + 1.444)}−1                           2-17 
Where 𝜂 = 120𝜋 ohms in the wave impedance in free space.  
 
However, if the microstrip line is to be designed with a particular impedance, 
then for a given h, the width W is calculated by following equations. With the 
h, 𝜀𝑟 and 𝑍0 already known, rough estimate of the necessary ratio of W/h to 
achieve the desired impedance [Bahl, 2003] is found. If the estimated W/h ratio 
is >2, then the low impedance design equations are used, and if the W/h ratio 
is ≤ 2, then the high impedance design equation are used. 
 
For low impedance (
𝑊
ℎ
> 2) 
𝑊
ℎ
=
2
𝜋
[𝐵 − 1 − ln(2𝐵 − 1) +
𝜀𝑟−1
2𝜀𝑟
(ln(𝐵 − 1) + 0.39 −
0.61
𝜀𝑟
)]                    2-18 
𝐵 =
377𝜋
2𝑍0√𝜀𝑟
                                                            2-19 
For high impedance (
𝑊
ℎ
≤ 2) 
            
𝑊
ℎ
=
8𝑒𝐴
𝑒2𝐴−2
                                                             2-20 
            𝐴 =
𝑍0
60
√
𝜀𝑟+1
2
+
𝜀𝑟−1
𝜀𝑟+1
(0.23 +
0.11
𝜀𝑟
)                                       2-21 
 
2.3.2 The Inverted Microstrip Line Structure 
 
For the microstrip line shown in Figure 2.8, it is not possible to contain the 
liquid layer which makes it incompatible with LC devices. Therefore, in order 
to use the transmission line to design LC devices, the inverted microstrip 
structure is employed. It is compatible to use as it is convenient to use spacers 
to form the cavity between the dielectric substrate supporting microstrip 
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structures and the ground plane to contain the LCs. The detailed inverted 
microstrip structure is shown in Figure 2.9. 
 
 
Figure 2. 9 The typical structure of inverted microstrip line 
 
As shown in Figure 2.9, the typical inverted microstrip structure consists of a 
conductor electrode with the width of W, which is supported by the dielectric 
substrate with the thickness of h and the dielectric constant of 𝜀𝑟  and the 
thickness t between electrode and ground plane. 
 
The effective dielectric constant 𝜀𝑒𝑓𝑓 and the characteristic impedance 𝑍0 of 
the inverted microstrip line can be determined considering the width of the 
electrode w, the thickness of the substrate h, the dielectric constant 𝜀𝑟 and the 
thickness t of the material filled in the gap between electrode and ground plane. 
The expression for  𝜀𝑒𝑓𝑓  is presented as [Bahl, 2003], where the dielectric 
constant in the gap is assumed to be air: 
 
𝜀𝑒𝑓𝑓 = 1 +
ℎ
𝑡
((0.5173 − 0.1515𝑙𝑛
ℎ
𝑡
)2 − (0.3092 − 0.1047𝑙𝑛
ℎ
𝑡
)2𝑙𝑛
𝑡
ℎ
)(√𝜀𝑟 − 1)         
2-22 
 
The characteristic impedance 𝑍0  of the inverted microstrip structure is 
calculated as: 
 
𝑍0 =
60
√𝜀𝑟
ln [𝑡 (
6+(2𝜋−6)𝑒
−(30.666
𝑡
𝑤
)
0.7528
𝑤
) + √1 + (
2𝑡
𝑤
)2]                            2-23 
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The equation for the effective dielectric constant of the inverted microstrip line 
is not suitable to use in LC devices, as it does not account for the dielectric 
constant between the strips and ground plane. Since it is also a quasi-TEM 
wave propagation, it is suitable to calculate the effective dielectric constant of 
inverted microstrip line using the equations for normal microstrip lines.  
 
2.3.3 The Configuration of Inverted Microstrip Structure Compatible with 
LC Devices 
 
The configuration of the specific inverted microstrip structure used in this 
project is shown in Figure 2.10. As can be seen from Figure 2.10, in order to 
make the device compatible with LC technology, the surface of microstrip 
electrodes and ground plane are separated by the spacer to form the cavity 
for containing the LC material. The spacer is made by another thin dielectric 
layer. Another piece of dielectric substrate is used to support the ground plane 
so that a low frequency voltage applied between microstrip electrodes and 
ground plane can be used to control the LC orientation. SMA connectors are 
used to connect the microstrip input to the resonator or filter, and make it easier 
to integrate into other microwave systems.   
 
 
Figure 2. 10 Cross section view of the inverted microstrip (Not drawn to scale) 
 
2.3.4 Microstrip Discontinuities 
 
A complete understanding and design of microstrip circuits require 
characterization of various discontinuities included in the circuit [Poole, 2005]. 
A discontinuity in a microstrip is caused by an abrupt change in the geometry 
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of the strip conductor [Wadell, 1991]. Therefore, electric and magnetic field 
distributions are modified near the discontinuity. The change in electric field 
distribution gives rise to a change in capacitance, and the change in magnetic 
field distribution is expressed by an equivalent inductance. In this way, the 
discontinuities in microstrip can be expressed by capacitance and inductance, 
which means lumped elements can be used to analyse these discontinuities.  
 
Microstrip discontinuities are commonly encountered in the layout of practical 
filters include steps, open-ends, bends, gaps and junctions [Hong, 2004]. 
Figure 2.11 illustrates some typical structures and their equivalent circuit. 
Closed-form expressions for equivalent circuit models of these discontinuities 
are useful when appropriate, and some typical ones are given as follows where 
h is the thickness of the substrate. The equations for these discontinuities can 
be used for both the normal microstrip line and inverted microstrip line. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2. 11 Microstrip discontinuities: (a) step; (b) open-end; (c) gap; (d) bend 
 
2.3.4.1 Steps in Width 
 
For a symmetrical step, the capacitance and inductances of the equivalent 
circuit indicated in Figure 2.11(a) may be approximated by the following 
formulation [Gupta, 1996] 
𝐶 = 0.00137ℎ
√𝜀𝑒𝑓𝑓
𝑍0
(1 −
𝑊2
𝑊1
)(
𝜀𝑒𝑓𝑓+0.3
𝜀𝑒𝑓𝑓−0.258
)(
𝑊1
ℎ
+0.264
𝑊1
ℎ
+0.8
)                             2-24                                                       
 𝐿1 =
𝐿𝑤1
𝐿𝑊1+𝐿𝑊2
𝐿                                                                                 2-25 
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𝐿2 =
𝐿𝑤2
𝐿𝑊1+𝐿𝑊2
𝐿                                                                                  2-26 
𝐿𝑤𝑖 = 𝑍0𝑖
√𝜀𝑒𝑓𝑓𝑖
𝐶
                                                                                  2-27 
𝐿 = 0.000987ℎ(1 −
𝑍01
𝑍02
√
𝜀𝑒𝑓𝑓1
𝜀𝑒𝑓𝑓2
)2                                                          2-28 
 
Where 𝐿𝑤𝑖  for i=1,2 are the inductances per unit length of the appropriate 
microstrips, having widths 𝑊1  and 𝑊2 , respectively. While 𝑍0𝑖  and 𝜀𝑒𝑓𝑓𝑖 
denote the characteristic impedance and effective dielectric constant 
corresponding to width 𝑊𝑖, c is the light velocity in free space, and h is the 
substrate thickness in micrometers. 
 
2.3.4.2 Open Ends 
 
At the open end of a microstrip line with a width of W, the fields do not stop 
abruptly but extend slightly further due to the effect of the fringing field. This 
effect can be modelled either with an equivalent shunt capacitance 𝐶𝑝 or with 
an equivalent length of transmission line ∆l, as shown in Figure 2.11(b). The 
equivalent length is more convenient for filter design. The relation between the 
two equivalent parameters may be found by [Edwards, 1992] 
               
                                  ∆𝑙 =
𝐶𝑍0𝐶𝑝
√𝜀𝑒𝑓𝑓
                                                              2-29 
where c is the light velocity in free space. A closed-form expression for ∆l/h is 
given by (Kirschning, et. al, 1981) 
                                     
∆𝑙
ℎ
=
𝜉1𝜉3𝜉5
𝜉4
                                                              2-30 
Where 
𝜉1 = 0.43907
𝜀𝑒𝑓𝑓
0.81+0.26(
𝑊
ℎ
)0.8544+0.236
𝜀𝑒𝑓𝑓
0.81−0.189(
𝑊
ℎ
)0.8544+0.87
                                          2-31  
   𝜉2 = 1 +
(
𝑊
ℎ
)0.371
2.35𝜀𝑟+1
                                                                      2-32 
𝜉3 = 1 +
0.5374𝑡𝑎𝑛−1[0.084(
𝑊
ℎ
)
1.9413
𝜉2 )
𝜀𝑒𝑓𝑓
0.9236                                                    2-3 
𝜉4 = 1 + 0.037𝑡𝑎𝑛
−1 [0.067 (
𝑊
ℎ
)
1.456
] {6 − 5exp [0.036(1 − 𝜀𝑟)]}     2-34 
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𝜉5 = 1 − 0.218exp (
−7.5𝑊
ℎ
)                                                               2-35 
The accuracy is better than 0.2% for the range of 0.01 ≤
𝑊
ℎ
≤ 100 and 𝜀𝑟 ≤
128. 
 
2.3.4.3 Gaps 
 
A microstrip gap can be represented by an equivalent circuit, as shown in 
Figure 2.11 (c). The shunt and series capacitances Cp and Cg may be 
determined by [Gupta, 1996] 
                            
𝐶𝑝 = 0.5𝐶𝑒                                                                                    2-36 
𝐶𝑔 = 0.5𝐶𝑜 − 0.25𝐶𝑒                                                                     2-37 
where 
𝐶𝑜
𝑊
(
𝑝𝐹
𝑚
) = (
𝜀𝑟
9.6
)0.8(
𝑠
𝑊
)𝑚𝑜exp (𝑘𝑜)                                                     2-38 
𝐶𝑒
𝑊
(
𝑝𝐹
𝑚
) = 12(
𝜀𝑟
9.6
)0.9(
𝑠
𝑊
)𝑚𝑒exp (𝑘𝑒)                                                  2-39 
with 
𝑚𝑜 =
𝑊
ℎ
[0.619 log (
𝑊
ℎ
) − 0.3853]                                                  2-40 
𝑘𝑜 = 4.26 −
1
453 log(
𝑊
ℎ
)
, 0.1 ≤ 𝑊 ≤ 1.0                                            2-41 
𝑚𝑒 = 0.8675                                                                                 2-42 
𝑘𝑒 = 2.043(
𝑊
ℎ
)0.12, 0.1 ≤ 𝑊 ≤ 0.3                                                  2-43 
𝑚𝑒 =
1.565
(
𝑊
ℎ
)0.16
− 1                                                                             2-44 
𝑘𝑒 = 1.97 −
0.03
𝑊
ℎ
, 0.3 ≤ 𝑊 ≤ 1.0                                                    2-45 
Those accuracy of these expressions is within 7% for 0.5 ≤
𝑊
ℎ
≤ 2 and 2.5 ≤
𝜀𝑟 ≤ 15. 
2.3.4.4 Bends 
 
Right-angle bends of microstrip may be modelled by an equivalent T-network, 
as shown in Figure 2.11(d). [Gupta, 1996] have given closed-form expressions 
for evaluation of capacitance and inductance: 
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𝐶
𝑊
(𝑝𝐹/𝑚) =
(14𝜀𝑟+12.5)
𝑊
ℎ
−(1.83𝜀𝑟−2.25)
√
𝑊
ℎ
+
0.02𝜀𝑟
𝑊
ℎ
  𝑓𝑜𝑟 
𝑊
ℎ
≤ 1                            2-46 
𝐶
𝑊
(𝑝𝐹/𝑚) = (9.5𝜀𝑟 + 1.25)
𝑊
ℎ
+ 5.2𝜀𝑟 + 7.0  𝑓𝑜𝑟 
𝑊
ℎ
> 1                               2-47 
𝐿
ℎ
(
𝑛𝐻
𝑚
) = 100{4√
𝑊
ℎ
− 4.21}                                    2-48 
 
The accuracy on the capacitance is quoted as within 5% over the ranges of 
2.5 ≤ 𝜀𝑟 ≤ 15 and 0.1 ≤ W/h ≤ 5. The accuracy on the inductance is about 3% 
for   0.5 ≤
𝑊
ℎ
≤ 2.0. 
 
2.4 Conclusion 
 
In order to design tunable bandpass LC filters, in the first part of this chapter, 
the tuning mechanism of LCs and how to model LCs in the full wave simulation 
software are studied. As stated in Chapter 1, the second objective of this thesis 
is to design and build different types of tunable bandpass filters. In the second 
part of this chapter, a brief introduction of microwave bandpass filters is given. 
The parameters used to measure the filters’ performance are also explained. 
Next, with the understanding of how to use LCs as the tuning material, the 
microstrip line technology, specifically the inverted microstrip line, is 
compatible to use to design the tunable bandpass filters since a cavity for LCs 
can be created in the inverted microstrip structure. In the last section of this 
chapter, the microstrip discontinuities, which are frequently used in designing 
microstrip structures, are described.   
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Chapter 3 Fabrication and Measurement Setup 
of Microwave Liquid Crystal Devices 
 
Precise manufacture of microwave liquid crystal devices is important for the 
performance of the devices. The process of manufacturing of the microwave 
devices can be described in terms of two stages, first the patterning electrodes 
and second the assembly of the devices. In the stage of patterning electrodes, 
there are some criteria to meet. Devices working at low and high microwave 
frequencies require different resolution for the devices’ structures, and lower 
microwave frequencies may require high resolutions, for example, the devices 
stated in Chapter 7 requires the minimum gap of 10µm. The flatness of the 
substrate after patterning electrodes is another consideration, as the LC 
devices need flat substrates to deposit a good alignment layer for the LCs. 
Stability and reproducibility are also important considerations in producing 
electrodes. In the first section of this chapter, based on the criteria, developing 
and testing methods to pattern electrodes with different resolutions are stated. 
The physical processes, such as milling and laser cutting which directly 
remove the unwanted part of the materials, are tested with the criteria. The 
chemical process which includes the traditional etching methods and a new 
possible method using Microplotter to directly pattern the photoresists are 
tested. The second section considers the assembly process: how to make the 
alignment layer; how to fill LC without bubbles; and the choice of connectors 
based on the working frequency. In the last section, the detailed setup to 
measure the devices are stated.  
 
3.1 Overall Process of Fabrication of Microstrip LC Devices 
 
The overall procedure of the fabrication are stated as follows  
 
1. Electrodes patterning and spacer patterning. In the section 3.2, how to 
develop the specific methods and process to pattern the electrodes on 
the dielectric substrates are stated.  
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2. Substrate preparation and sealing the device. What material is used as 
the  alignment layer, how to make the alignment layer and the method 
for rubbing are explained in section 3.3.1  
 
3. LC injection. How to put the LC in the cavity without bubble is very 
important, and it is explained in 3.3.2. 
 
 
4. Connect to proper connectors. The choices of the connection depend 
on the working frequency and the choice is stated in 3.3.3. 
 
3.2 Methods and Process of Producing Metallization Pattern 
 
The precision of the patterning can be measured under the microscope, and 
the results are compared with the designed dimensions to make sure the 
structures are precisely fabricated. The resolution is depended on the 
designed structures, and different resolution may need to use different 
methods to make. The stability can be observed with the success rate in 
producing the structures. The physical processes, such as milling and laser 
cutting are tested first, followed by the chemical process, such as the possible 
new method using Microplotter and the traditional etching method. 
 
The materials used in this project are Roger Duroid 5880, and it has the 
dielectric constant of 2.2, substrate’s thickness of 0.79mm and thickness of 
copper of 35µm. The low dielectric loss of this material makes it very suitable 
to use for high frequency applications where dispersion and losses need to be 
minimized [Rogers, 2018]. It is also resistant to all solvents and reagents 
normally used in etching process [Rogers, 2018].  
 
3.2.1 Milling  
 
Milling is the most common method to be used to create a variety of features 
on a part of the material by cutting away the unwanted material [Koenigsberger, 
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2013]. The milling can work at different scales from small to large, and the 
highest resolution the milling machine can achieve is 0.01mm.  
 
There are two major classes of milling process [Koenigsberger, 2013]: 
 
1. Face milling. In face milling, the cutting action occurs primarily at the 
end corners of the milling cutter. Face milling is used to cut flat surfaces 
into the workpiece, or to cut flat-bottomed cavities. 
 
2. Peripheral milling. In peripheral milling, the cutting action occurs 
primarily along the circumference of the cutter, so that the cross section 
of the milled surface ends receiving the shape of the cutter. In this case, 
the blades of the cutter can be seen as scooping out material from the 
work piece. Peripheral milling is well suited to the cutting of deep slots, 
threads, and gear teeth. 
 
In this project, the Roland Modela Pro II MDX‐540E to cut the electrodes. With 
the advent of computer numerical control [Beck, 1997], milling machines can 
automatically change the tools to cut. Therefore, the milling process is a very 
simple process as follows: 
 
1. The structure is drawn with Diptrace, which is a specific software for 
PCB manufacture. The designed structure will be stored and exported 
as the DXF file for the milling machine to use.  
 
2. The DXF file is imported into the milling machine. 
 
 
3. The milling machine will automatically cut the structure. 
 
4. Check the structure with microscope to find whether it meets the 
satisfaction. 
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Though the milling machine is very easy to use, there is one main drawback 
which makes it not suitable for the fabrication process. The cut electrodes were 
checked under microscope, and it was found that the milling machine removed 
not only the surface but also the substrate. However, for LC devices, a flat 
substrate surface is needed to deposit the alignment layer for the LCs. 
Therefore, milling is not recommended to use in the project as it damaged the 
substrate for the material used in this project.  
 
3.2.2 Laser Cutting 
 
Laser cutter works by directing the output of a high-power laser through optics 
[Wang, 2008]. The focused laser beam is directed at the material, which then 
either melts, burns, vaporizes away [Wang, 2008], leaving well defined sharp 
edge corner finish. 
 
The LPKF ProtoLaser U3 is the laser cutter used in this thesis, and this laser 
cutter is an ultraviolet system with a 20µm focused beam diameter for 
processing printed circuit boards, as shown in Figure 3.1 [LPKF, 2016]. This 
laser cutter can etch circuitry, drill holes, and depanel PCBs all in a single step 
[LPKF, 2016]. It can deal with a variety of PC board substrates [LPKF, 2016], 
such as FR4, fired ceramics, green and co-fired LTCC, flexible and rigid-flex 
materials, high-frequency and microwave materials ( Rogers TMM, RT/duroid, 
etc.). 
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Figure 3. 1 The LPKF ProtoLaser U3 
 
The process of using laser cutter is as follows: 
 
1. The patterns of electrodes are drawn through CST Microwave Studio 
and exported as the gerber file.  
2. The gerber file is then imported into the CircuitMaster, which is a 
software from LPKF to generate the automatic cutting process. After 
generating the automatic cutting process, the LMD file is exported for 
use. 
3. The LMD file is imported into the LPKF CircuitPro, which is the software 
to control the The LPKF ProtoLaser U3 laser cutter. After the LMD file 
importing, what needs to be cut and how to finish the cutting are set.  
4. The board to be cut needs to be put in the reference position to fix the 
position for board, and the laser works based on the reference position. 
The reference positions are clearly labelled in the working plate.  
5. The laser cutter finishes the cutting job automatically, except for the 
temperature of the laser cutter. The working temperature for the laser 
cutter should be kept no higher than 27º, which is shown on the screen. 
6. After the cutting process, the board needs to be cleaned with a standard 
vacuum machine and the structures are then checked with microscope 
to see whether the cut matches the requirements.  
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With the excellent reproducible of the structures, laser cutter is considered to 
have good stability. The patterned electrodes and spacers are shown in Figure 
3.2. As can be seen from the Figure 3.2, compared with the designed 
dimensions indicated in the following chapter, the patterned electrodes show 
very good precision. The measured results for Figure 3.2(a) are 0.51mm for 
the lines and 0.2mm and 0.5mm for the gap, where the designed dimensions 
are 0.5mm, 0.2mm and 0.5mm. These observations and results make the 
laser cutting a very suitable method to pattern electrodes. However, due to the 
size of laser beam of 20µm, for the purpose of accuracy of the gaps and lines, 
this laser cutter should not be used to cut gaps or lines which are less than 
20µm. Small features may be possible and results are dependent on 
copper/metal thickness and substrate type. Therefore, when dealing with small 
size devices which requires the gaps or lines smaller than 20µm, the laser 
cutting is not recommended to use. For the spacers, laser cutter can be used 
to cut all the spacers as spacers do not have dimensions less than 20µm. 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3. 2 Patterned structures using laser cutter (a) Hairpin resonator (b) Split ring 
resonator (c) spacers using Rogers Duroid 5880 
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3.2.3 Patterning Photoresist for the Etching Process 
 
Etching is not only suitable to work with resolution smaller than microns, but 
can also deal with very thin surface without damaging the substrate [Lei, 2012]. 
In order to pattern gaps or lines smaller than 20 µm, the use of etching is 
considered. The conventional method of patterning electrodes using etching 
is to use a metal or plastic mask with the printed patterned on the photoresist, 
which allows the illumination of UV light to cure the photoresist and protect the 
pattern under the photoresist. Once the photoresist is cured under the UV light, 
etching is used to remove the unprotected part of the metal surface and leave 
the wanted patterns. However, making masks with high resolution takes time 
to produce, therefore, a method to directly print photoresist on the surface 
without using masks is developed and tested. 
 
3.2.3.1 Introduction of Microplotter  
 
GIX microplotter manufactured by Sonoplot was considered to be a good 
alternative method to replace the masking process which can print the 
photoresist directly on the copper with the required patterns. The microplotter 
is a leading-edge tool which is used for microarrays, polymer electronics, and 
other applications which require precise and accurate dispensing of extremely 
small liquid volumes, such as a few microns [Lei, 2012]. This system can 
deposit discrete spots or continuous traces such as lines or arcs onto any 
planar surface with a wide range of solutions [Lei, 2012]. 
 
Figure 3. 3 GIX Microplotter 
 
This microplotter consists of a positioning system, which contains printhead 
and optics system already mounted, iMac control computer with keyboard and 
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a wireless mouse, and control electronics, as shown in Figure 3.3. The 
positioning system can create features in the area as small as 5µm wide. And 
it can print liquid with viscosity of less than 450cP, and anything having more 
viscosity will not be printed from the glass capillary.  
 
3.2.3.2 Experimental Results 
 
In order to test whether microplotter is suitable to use for patterning structures, 
both small and large size structures, such as several microns tens and tens of 
millimetre are designed and tested. The photoresist S1818 from Shipley is 
mixed with its solvent PGMEA from Sigma Aldrich is chosen to meet the 
viscosity requirement to use, and this mixture is used to draw the patterns 
directly on the copper. The processes of using Microplotter are as follows: 
 
1. The structures are drawn with Sono draw, which is the build-in software 
of microplotter.  
2. The drawn structures are imported into the Sono guide, which is the 
software to control the microplotter. After loading the structures, the 
proper position to absorb solutions (photoresist mixtures) and the 
position of the board to draw are set for the microplotter.  
3. With the pre-set data, the printing job can be finished automatically.  
4. The printed patterns is then etched using the method stated in 3.2.4 
and checked with microscope and Atomic Force Microscope (AFM). 
 
Three types of the filters and resonators structures are designed and drawn 
with Microplotter, and Figure 3.4 and 3.5 are the designed structures and the 
correponding structures after etching. The dimensions for the three structures 
excluding the feed lines shown in Figure 3.4(a), (b) and (c) are 14mm×14mm, 
18mm×18mm and 15mm×15mm. Compared the (a) in Figure 3.4 and 3.5, the 
electrodes are not precisely patterned, where the patterned central plates are 
not parallel and not constant width. Figure 3.5(b) shows a discontinuity gap in 
the line and different width of the lines, which are not what they designed in 
Figure 3.4(b). While Figure 3.4(c) shows different gap width and different line 
width, and the corner of the microstrips are not perpendicular. Based on the 
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comparison between the three structures, microplotter is not suitable to use 
for structures with tens of millimeters.  
 
 
(a)                                           (b)                                       (c) 
Figure 3. 4 Designed patterns (a) ELC resonator (b) edge coupled filter (c) split ring 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3. 5 Patterned electrodes using Microplotter (a) (b) (c) are the correponding 
strctures in Figure 3.4 
 
As millimeter scale structures are not suitable to print with the microplotter, 
small scale structures, such as several microns, are also designed and tested 
to find out whether it is suitable for several structures with microns. Seperate 
lines and meander line structure, as shown in Figure 3.6, are designed, 
patterned and etched. The etched pattern are then checked with Atomic Force 
Microscopy (AFM) to measure whether the width matches the width designed.  
 
(a)                                                   (b) 
Figure 3. 6 Designed patterns with microns (a) separate lines (b) meander line 
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(a) 
 
(b) 
Figure 3. 7 AFM results of printed patterns (a) Separate lines (b) meander lines 
 
Figure 3.7 shows the AFM results for separate lines and meander lines. As 
can be seen from Figure 3.7 (a), the results shows that the average distance 
between the two peaks is 50.89µm, which is slightly larger than the designed 
value of 50 µm. It is believed that the reason why the distance is larger than 
50µm is the coffee ring effect, which is that after droplet evaporation, the 
particles are highly concentrated along the original edge of the drop [Yunker, 
2011]. Figure 3.7 (b) indicates that for the meander structure, the average 
width for the line is 49.73µm, and the average width of the space is 19.79µm. 
The proposed width for the line is 50 µm and the space drawn between two 
lines is 20 µm, and the results shows the printed width and space are slightly 
less than the proposed width and space. The discrepancies between designed 
and patterned structures are very small, which are around 2%, therefore, the 
discrepancies are acceptable.  
 
Based on the experiment results shown above, the microplotter is not suitable 
for structures of tens of millimetres, but it can be used for small scale devices, 
such as several microns. However, due to the un-stability and high failure rate 
to print the whole small scale structures, microplotter is not recommended to 
use. Therefore, microplotter is not suggested to use to replace the mask 
procedure, and the traditional process of using mask is continued to use in the 
etching process.  
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3.2.4 Pattern Electrodes using Traditional Etching Process 
 
The conventional etching method is used, and the specific process of etching 
for this project is stated as follows: 
 
1. The surface of the substrate, which is Rogers Duroid 5880 in this thesis, 
needs be cleaned first. Acetone is recommended to use for cleaning. 
Acetone can be sprayed all over the surface and wiped using clean soft 
brush. Then the surface is thoroughly washed under water and dried 
with a blower if possible. 
 
2. After cleaning the surface, positive photoresist S1818 from Shipley is 
applied over the surface. The board with photoresist is then spinned 
with the spin coater to help the board to have a flat surface of the 
photoresist. The speed for the spin coater in this process is RPM 3500 
for 1 minute. Softbaking of the photoresist is conducted on a hotplate 
for 1 minute at 100 °C. 
 
3. Masks which have the designed patterns is attached on the surface, 
and the position is fixed by using two thick transparent layers to press 
together. This three-layer structure is then exposed under UV light for a 
period of time. The time for exposing under UV light varies with the 
types of UV light and the photoresist used. Here, the UV light used is 
The Spectroline® CL-150 and time used in this experiment is 45s. 
Masks are made of plastic, and for high resolution, such as smaller than 
10µm, the masks are sent to special manufacture to produce. For low 
resolution, such as larger than 30µm, the masks are made in house 
using standard printer to print the masks.  
 
4. After exposing to the UV light, the photoresist developer, PGMEA from 
Sigma Aldrich, is used to remove the photoresist on the unprotected 
part. 
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5. The exposed board is put into the etching bath which uses ferric 
chloride to remove the unprotected copper on the surface, and the 
etching time depends on the temperature of the etchant and how long 
the etchant has been used. The temperature used in this project is 40º 
and the etching time is around 4 to 5 minutes. 
 
 
6. After the etching process, the photoresist remover is used to remove 
the remaining photoresist, and acetone could be the remover. 
 
7. The surface is then cleaned with water and checked under the 
microscope to see the etching results, which is based on the 
discontinuity and continuity of the microstrip. 
 
Figure 3.8 shows some electrodes structures after etching using Rogers 
Duroid 5880. Compared with the designed dimensions shown in later chapter, 
these electrodes dimensions are measured under microscope, and the results 
shows that etching can produce very precise patterns. However, in order to 
produce small features electrodes, such as smaller than 20µm, high resolution 
masks are needed, which requires to send the designed pattern to special 
manufacturer to make the masks.  
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(a) 
 
(b) 
 
(c) 
Figure 3. 8 Patterned structures using etching (a) ELC resonator (b) IDC filter (c) 
Dual-mode filter 
 
In conclusion, in order to develop the methods for patterning electrodes, the 
methods of milling, laser cutting, patterning photoresist with Microplotter and 
the conventional etching are tested. For thick layer of copper film, such as 
thicker than 0.15mm, milling machine is recommended to use. For thin layer 
of copper film, such as the copper layer of 35µm PCB and Rogers Duroid 5880 
used in this project, etching and laser cutting are the suitable methods. For 
structures’ dimensions larger than 20µm, laser cutter is preferred to use, due 
to its reliability and fast speed to cut, and etching is used when the structures 
have dimensions less than 20µm. As for the spacers, laser cutter is used to 
cut the desired shape of the spacers.  
 
3.3 Assembly Process of Liquid Crystal Microwave Devices 
 
Section 3.2 discusses the process to develop the methods for patterning 
electrodes, and in this section, how to develop a specific process to assemble 
microstrip LC devices are stated. 
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The general assembling process for microstrip LC devices are as follows: 
 
1. Alignment layer is coated and rubbed with the chosen alignment 
methods stated in 3.3.1. 
 
2. Spacers need to be attached on the surface using glue to form the 
cavity of LC.  
 
3. After attaching the spacers, the device needs to be sealed with glue 
gun, as shown in 3.3.2. 
 
4. LC is loaded after sealing the device.  
 
5. The suitable connectors will be soldered on the board, and the 
connector are chosen depending on the working frequency as 
discussed in 3.3.3.  
 
In the process of assembling the devices, there are some issues which needs 
to be addressed, such as how to make the alignment layer, seal the device, 
deposit LC and choose the connectors. In the following sections, the process 
of developing the methods to address these issues are demonstrated.   
 
3.3.1 Alignment Methods 
 
In most LC devices, it is necessary to align the LCs uniformly and in a defined 
direction without the application of an electric or magnetic field. An aligning 
force defines the off-state of a device and returns the LCs to that state after an 
applied field is removed. Homogeneous alignment is required for most devices, 
and in order to make LC be homogeneously oriented in the same direction, 
the surfaces must be initially prepared with the alignment layer which are 
coated and rubbed. The alignment layer planarize and provide the anchoring 
and pre-alignment of the LC. The material used as the alignment layer is the 
polyvinyl alcohol (PVA) made by Sigma-Aldrich, and the concentration for the 
PVA is 5%. In order to coat the alignment layer on the surface, two methods 
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for coating are used in this project. The first method is the spin coating, which 
uses the spin coater to coat. Based on the experiments conducted for the flat 
coating, the spin coater is set to work with the spin speed 2500 for 1 minute 
and 10 seconds to get the best coating results. The second method used is 
dip coating. Dip coating is conducted with directly putting the surface into the 
PVA which is also suitable to use. After coating the alignment layer on the 
surface, the alignment layer needs to be rubbed so that micro-grooves are 
created. With the created micro-grooves, a pre-alignment orientation is 
achieved. In this way, the LC is pre-aligned when no voltage applied. When 
the voltage is removed, LC can return to the pre-aligned direction with the 
alignment layer. In this project, the alignment layer is rubbed with rubbing cloth 
using a constant force to rub. This method to make alignment is checked with 
ITO glasses, and the alignment can be observed under microscope to see the 
LCs are tuned with external voltage applied to ITO glass.  
 
3.3.2 Seal the Device and Deposit the LC 
 
The microstrip LC devices are needed to be sealed. The top substrate and 
bottom substrate are sealed together to avoid the leakage of the LC. A glue 
gun with the small diameter head is used to seal the devices, as shown in 
Figure 3.9(a). After sealing the devices properly, the LC can be deposited into 
the cavity. In this project, this is achieved with using filling holes. The filling 
holes are two small holes on the dielectric substrate, which is shown in Figure 
3.9(b). LC can be put into the hole with a fine syringe. The holes are sealed 
once the LC is loaded. The ITO glasses and the substrate with filling holes are 
used to verify the LC filling process, and it confirms that with the fine syringe 
to fill LCs, there is no bubble seen in the cavity.  
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(a) 
 
(b) 
Figure 3. 9 (a) Glue gun used to seal the LC device (b) Filling holes to put LC 
 
3.3.3 Choose the Connectors 
 
The connectors are needed to be soldered to the device so that it can connect 
to the measurement applications. The connectors are chosen from the working 
frequency. If the working frequency is below 18GHz, SMA connectors should 
be chosen, while if the working frequency is above 18GHz, V connectors is the 
choice. In this project, the working frequency is below 18GHz, therefore, the 
SMA connectors are chosen to use.  
 
3.4 Measurement Setup for the Microwave Resonator and Filters based 
on Liquid Crystals 
 
After assembling the device, the device can be measured with the following 
measurement setup, where the S-parameters can be measured. The general 
measurement setup is shown in Figure 3.10. The frequency response is 
measured using a Keysight E5071C network analyser. The input port of the 
resonator or filter is connected to the analyser through a Bias-T, then 
connected to the device under test (DUT). A 1 kHz voltage was used to provide 
the voltage to switch the LC.  Measurements were taken with the biasing 
voltage amplitude varying from 0 V to 16 V in 0.5 V steps. Each equipment are 
explained as follows. 
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Figure 3. 10 Measurement Setup of the Microwave Resonator or Filters based on 
Liquid Crystals 
 
3.4.1 Keysight E5071C Network Analyser  
 
In this project, the working frequency is mainly under 8.5 GHz, therefore, the 
Keysight E5071C network analyzer, as shown in Figure 3.11, is chosen to 
measure the S-parameters. This network analyzer can work from 0 to 8.5 GHz, 
which satisfies the need for measurement of the resonant frequency. As can 
be seen from Figure 3.10, the microwave signal is applied to the Bias-T 
through the port, and the response through the DUT is received in another port 
for the analyzer to process and produce the S-parameters. In order to use it to 
measure the S-parameters correctly, the calibration needs to be done. The 
open, short and load calibration are needed to complete the calibration 
process.   
 
Figure 3. 11 Keysight E5071C network analyser 
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3.4.2 Bias-T 
 
Bias-T is used to decouple the bias voltage source and the microwave signal, 
and it will pass through the AC voltage into the LC device so that LC can be 
tuned by the external voltage. The Bias-T used in this project is Hewlett 
Packard 33150A shown in Figure 3.12, which can work from 0.1 to 18 GHz. 
Because the working frequencies in this project are designed below 8.5GHz, 
this Bias-T can work very well with the designed frequency. 
 
 
Figure 3. 12 Hewlett Packard 33150A Bias-T 
 
3.4.3 AC Voltage 
 
A DC voltage is not normally used as the bias voltage in LC devices because 
it can cause impurity ions in the LC to drift towards the electrodes and 
effectively shield the low frequency field. Instead, a 1 kHz AC voltage 
generated from the Agilent 33120A is used, as shown in Figure 3.13. 
 
 
Figure 3. 13 Agilent 33120A generator 
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3.5 Conclusion  
 
In this chapter, the fabrication process of the LC based devices and the 
measurement setup are studied. In the first stage of fabrication process, four 
different methods to pattern electrodes have been investigated and compared. 
Milling is a suitable method for thick layer because it does not damage the 
surface.However, for the Duroid 5880, the copper layer is 35µm, which is too 
thin to use milling machine. Laser cutter is convenient to use and it can be 
used to pattern electrodes, which is larger than 20 µm. Microplotter is not 
suitable to use due to its reliability problem and high error rate. Etching is the 
preferred method as it can be used for both low and high resolutions. The 
second stage is to assemble the LC based devices. How to make the 
alignment layer, LC injection and how to seal the devices are stated. In the  
second part of this chapter, the measurement setup is described, followed by 
the description of each components used for the measurement. The 
measurement setup is used to measured all the fabricated devices in the 
thesis.  
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Chapter 4 A General Design Method for Tunable 
Microstrip Devices Using LCs 
 
There are a number of different applications of LC at Microwave frequencies 
and the details are given in Chapter 1. However, it is clear from these that 
there is no clear methodology for a design process that can be applied more 
widely to LC microwave devices based on microstrip configuration. Therefore, 
in the first part of this chapter, a novel general method for how to design LC 
devices based on microstrip configuration is put forward. The novelty of this 
method are that it integrates the use of the lumped element modelling and full 
wave simulation and it is the first paper published to demonstrate the whole 
design process of designing tunable microstrip devices using LCs. The design 
process is separated into two stages, where two types of software, ADS and 
CST, are used to run the simulations. The reason why to use ADS in the first 
stage is that the simulation using ADS is fast and can estimate the 
performance of the designed devices in a short time, while using CST for the 
full wave simulation takes much longer time but more precise results. In the 
first stage, the lumped element modelling using equivalent circuits is 
conducted by ADS, and the working frequency and tuning range is firstly 
optimized. The second stage involves using CST to run the second 
optimization to get the required frequency and maximize the tuning range. The 
final dimensions after second optimization are then used to run the full wave 
simulation to get the final results. LCs are treated as isotropic materials in the 
ADS simulation and anisotropic materials in the CST, respectively. The use of 
LCs as homogeneous anisotropic materials in the CST is a reasonable 
approximation through checking and comparing the electric field from CST and 
the detailed switching of LC directors from an in-house finite element modelling 
package.  
 
4.1 General Method to Design Tunable Microwave Devices  
 
The general design process diagram is shown in Figure 4.1. The design 
method consists of two main stages; lumped element modeling followed by 
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full-wave simulation. As shown in Figure 4.1, in the first stage, the elements of 
the basic microstrip line circuit are identified and then converted to equivalent 
lumped elements using theoretical and empirical equations. The lumped 
element equivalent circuit is then modeled using Advanced Design System 
(ADS) [ADS, 2012] to optimize the element values to give the desired working 
frequency and the widest tuning range. The LC is considered as an isotropic 
material in this stage. The first optimization, using ADS, allows the sensitivity 
of the resonant frequency to various dimensions of the structure to be 
investigated. In addition the tuning range can be maximized as the different 
dimensions are varied. 
 
In the second stage, as the optimized elements are converted back to 
microstrip segments and the structures used in CST Microwave Studio [CST, 
2017] for full-wave simulation of the device. In the first step, as shown in Figure 
4.1, the full wave simulation results from CST are compared with the lumped 
element modelling results to make sure the initial lumped element model 
provides the correct estimation. It is possible that some microstrip structures 
are not identified as giving significant lumped elements to be used in the ADS 
simulation. So if poor agreement is found with the initial CST results it may be 
necessary to repeat the ADS modelling with additional lumped elements.  
 
A final check is made before final optimization in the CST.  An output from 
CST allows the detail of the electric (and magnetic) fields to be visualized. 
Running the final full wave simulation at the resonant frequency, the electric 
field is plotted to allow consideration of the way that the un-switched and 
switched LC may present to the electric field. In the CST simulation, the LCs 
are approximated as a single block of homogeneous anisotropic materials, 
and this approximation is checked by comparing the direction and location of 
the electric field from CST and the detailed switching of LC director structure 
from an in-house finite element modeling package QLC3D [Yazdanpanahi, 
2010]. If necessary, the LC region can be divided into several homogeneous 
parts, as stated in Chapter 2.  
 
Providing the initial agreement and final check of electric field are good, the 
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second optimization is then performed and the required working frequency and 
the tuning range are generated.  The adjusted dimensions are generated in 
the second optimization using CST, and these dimensions can be used in 
fabricating the tunable device.  
 
 
Figure 4. 1 General design process diagram 
 
4.1.1 The Software Used in the Design Process  
 
The lumped element model is simulated with ADS, which is an electronic 
design software for RF and microwave applications. In this thesis, the 
equivalent circuit is generated with using the theoretical and empirical 
equations from books and literatures. In the ADS, in order to carry out the 
optimization, the values for the lumped elements are varied by changing the 
dimensions of the microstrip lines through the equations. With the changes in 
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the values of lumped elements, the working frequency is adjusted and the 
tuning range is optimized.  
 
The second stage of design uses the software CST Microwave Studio to run 
the full wave simulation, and it is widely used in electromagnetic analysis and 
in the microwave frequencies range [CST, 2017]. In the CST, the 3D model of 
the designed structure are constructed and simulated within specific frequency 
range under correct boundry conditions to figure out the resonant frequency. 
Second optimization is also performed with CST to adjust the required working 
frequency and maximize the tuning range. Besides the resonant frequency, 
CST can also generate the electric field, quality factor, power flow, current and 
the farfields for antennas. The use of CST makes the design method suitable 
for a variety of applications, such as filters, resonators and antennas.   
 
4.2 Verification of Using CST to Model LC as a Homogeneous Anisotropic 
Material 
 
CST can only deal with homogeneous blocks of isotropic or anisotropic 
material, therefore, the LC is assumed in the simulations to be a single 
homogeneous anisotropic layer. However, the LC switches into a non-uniform 
structure. In order to examine the validity of approximation LCs as 
homogeneous anisotropic material in this thesis at microwave frequencies, the 
electric field distribution calculated with CST and the LC director distribution 
are compared for the case of saturation voltage (maximum switching). With no 
voltage applied, the LC orientation is uniform and in the direction given by the 
surface alignment, so the simulations are expected to be accurate in the 
unswitched case. The director distribution is calculated using QLC3D, which 
is an in-house finite element LC modeling program [Yazdanpanahi, 2010].   
 
Figure 4.2 (a) and (b) show the electric field below and between the interdigital 
capacitor (IDC) electrodes and at the edge of the IDC for the case when the 
maximum voltage is applied in the CST.  The arrows in (a) and (b) indicate the 
direction of the field and their colors represent its intensity, where those in red 
show the highest field intensity.  It can be seen that the field is largely confined 
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between the IDC electrodes and the ground plane.  
 
 
Figure 4. 2 Electric field distribution for the saturation voltage (16 V) in the region 
below and between the IDC electrodes (a) and at the edge of the electrodes and 
beyond (b). The corresponding director distributions are shown in (c) and (d) 
respectively.  The thick red lines added to the pictures indicate the position of the 
electrodes. The ground electrode (not marked) covers the whole of the bottom 
surface. Gap between electrodes is g= 0.2mm, the bottom electrodes is whole ground 
plane, size is 40×32mm. Top electrode is half of the IDC fingers, it is around 0.15mm 
 
Figure 4.2 (c) and (d) show the corresponding director distributions in the same 
regions as (a) and (b) using QLC3D. We can observe that although the LC in 
Figure 4.2(c) is almost fully switched, it is not fully vertical across the whole of 
the cross section as some LCs near the electrodes and ground plane are not 
switched and shown in blue color, which would represent a homogeneous 
permittivity. Compared with Figure 4.2(a), the LC directors largely follow the 
direction of the electric field, which in fact would maximize the tuning effect by 
increasing the actual effective permittivity and in turn shows a larger tuning 
range in the measurement. However, there is a narrow layer next to the 
alignment layers that will remain unswitched and this will contribute to a small 
decrease of the effective permittivity, the assumption of uniform, vertically 
aligned permittivity ellipsoid here will overestimate the effective permittivity.  
Beyond the edge of the electrodes (Figure 4.2(b) and (d)), the LC orientation 
is not vertical and the assumption of vertically oriented permittivity will 
underestimate the effective permittivity. However, the field values in this region 
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decrease sharply away from the electrodes so the approximation has a lower 
effect. Since the effect of assuming a vertically oriented permittivity in the 
different regions tends to compensate each other, we have considered it 
reasonable to use this approximation in the CST simulations.  
 
The work in this thesis is concerned with lower microwave frequencies, 
however, it should be noted that there may be differences at higher microwave 
frequencies, where the electric field may be concentrated close to electrodes 
and less likely to go from one electrode to the ground plane. A metadevice 
using LCs and Au electrodes is designed by [Shen, 2018], and the electric field 
at resonant frequency of 1.08THz is shown in Figure 4.3. As can be seen from 
Figure 4.3, between the electrode and the ground plane underneath, the 
electric field is concentrated along the edges of the electrodes, and it is not 
concentrated between electrodes and ground plane, where assuming LCs as 
homogeneous anisotropic material is not appropriate.  
 
 
Figure 4. 3 The electric field at 1.08THz (Shen et. al, 2018) 
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Chapter 5 Tunable LC Resonators Using Electric 
Inductive Capactive Resonators 
 
In the Chapter 4, a general design method for tunable microstrip devices using 
LCs is proposed. In this chapter, the proposed design method is tested and 
verified by designing tunable LC resonators using electric inductive capacitive 
(ELC) resonators, so called because of working with a fundamental mode that 
couples strongly to electric field, and negligibly to magnetic field [Schurig, 
2006]. Strong coupling to electric field is particularly important for LC tunable 
device, because LC directors are switched by the external voltage and largely 
follow the distribution of microwave electric field, as discussed in Chapter 4. 
With strongly coupling to electric field, more LC directors can be fully switched 
and more tuning can be achieved. Therefore, tunable resonators using ELC 
resonators are compatible to construct tunable LC devices.  
 
Three types of tunable LC resonators are considered, starting from one 
derived from [Schurig, 2006], followed by two improved versions of ELC 
resonators are proposed and designed using the design methodology. The 
three types of tunable resonators are then fabricated and measured. The 
measured results and simulated results are compared to check and verify the 
design method.  
 
5.1 ELC Resonator Calculation 
 
As stated in Chapter 4, the general design method consists of two stages. In 
the first stage of the design, the microstrip structure is first converted into 
equivalent lumped elements using empirical equations. A ELC resonator can 
be described qualitatively in terms of its equivalent circuit as shown in Figure 
5.1. A capacitor-like structure couples to the electric field and is connected in 
parallel, to two loops, which provide inductance to the circuit. The two inductive 
loops are connected in parallel, so that the resonant frequency of the circuit 
model is 𝑤0 = √2/𝐿𝐶 [Schurig, 2006]. This simplified lumped element does 
not include the capacitance CP between ground plane and resonator structure, 
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and whether it is appropriate to not include the CP is investigated later. 
 
(a) 
 
(b) 
Figure 5. 1 (a) Structures of ELC resonator (b) equivalent circuit of ELC resonator 
 
 
Figure 5. 2 Parameters for ELC resonator 
 
The parameters of the ELC resonator is shown in Figure 5.2, and these 
parameters are used for calculating the resonant frequency. A design equation 
using the partial capacitance method [Bahl, 2003] to find the capacitance and 
inductance of the structure has been improved by [Gevorgian, 2001] by using 
closed form formula, and the capacitance C is given by 
 
𝐶 =
𝜀𝑒𝑓𝑓
18𝜋
𝐾(𝑘)
𝐾′(𝑘)
𝐿𝑐                                                                  5-1 
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where 𝐿𝑐 is in mm, 𝐶 is in pF. 
 
The ratio of complete elliptic integral of first kind K(k) and its complement 𝐾′(𝑘) 
are calculated as follows 
𝐾(𝑘)
𝐾′(𝑘)
=
𝜋
log (
2(1+√𝑘′)
1−√𝑘′
)
 𝑓𝑜𝑟 0 ≤ 𝑘 ≤
1
√2
                                              5-2 
𝐾(𝑘)
𝐾′(𝑘)
=
log (
2(1+√𝑘)
1−√𝑘
)
𝜋
 𝑓𝑜𝑟 
1
√2
≤ 𝑘 ≤ 1                                                5-3 
𝐾(𝑘1)
𝐾′(𝑘1)
=
𝜋
log (
2(1+√𝑘1
′)
1−√𝑘1
′
)
 𝑓𝑜𝑟 0 ≤ 𝑘1 ≤
1
√2
                                            5-4 
𝐾(𝑘1)
𝐾′(𝑘1)
=
log (
2(1+√𝑘1)
1−√𝑘1
)
𝜋
 𝑓𝑜𝑟 
1
√2
≤ 𝑘1 ≤ 1                                              5-5 
 
Where the k, 𝑘1, 𝑘
′and 𝑘1
′  are generated by 
𝑘 =
𝑔𝑐
2𝑔1+𝑔𝑐
                                                                                      5-6 
𝑘1 =
tanh (
𝜋𝑔𝑐
4ℎ
)
tan (
𝜋(𝑔1+𝑔𝑐)
2ℎ
)
                                                                             5-7 
𝑘′ = √1 − 𝑘2                                                                                   5-8 
𝑘1
′ = √1 − 𝑘1
2                                                                                  5-9 
 
The effective permittivity 𝜀𝑒𝑓𝑓 and the inductance L are given by 
𝜀𝑒𝑓𝑓 = 𝜀0(1 +
(𝜀𝑟−1)
2
𝐾(𝑘1)
𝐾′(𝑘1)
𝐾′(𝑘)
𝐾(𝑘)
)                                                      5-10 
𝐿 = 𝜇0𝜇𝑟ℎ(2
𝑔1
𝑊
+ 2
𝐿
𝑔1
+
𝐿−2𝑔1−𝑔𝑐
𝑔1
)                                                   5-11 
𝑓 =
1
2𝜋√𝐿𝐶
                                                                                      5-12 
 
For the above equations, h is the thickness of the substrate, the permeability 
𝜇𝑟 of the LC can be approximated by 𝜇𝑟 = 1, L is the total inductance of the 
loop, C is the total capacitance, 𝑓 is the resonant frequency. With the designed 
method discussed above, the capacitance C, the inductance L, and resonant 
frequency 𝑓 can be calculated.  
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5.2  Tunable LC Resonator Using Type I ELC Resonator 
 
5.2.1 Verification Equivalent Circuit of ELC Resonator 
 
The ELC resonator in Figure 5.2 is designed to work at 4.8GHz with using the 
empirical equations from 5-1 to 5-11, and the calculated dimensions are shown 
in Table 5.1. In the first stage of the design, the simulated results from lumped 
element modeling using ADS and the full wave simulated results from CST 
needs to be compared to ensure the equivalent lumped element circuit is 
chosen correctly to predict the working frequency.  
 
𝐿𝑠𝑢𝑏 L W 𝐿1 𝑊1 𝐿𝑐 𝑔𝑐 𝑔1 
16 14 14 13 13 4.5 0.2 3 
Table 5. 1 Dimensions of ELC resonator using empirical equations (Unit:mm) 
 
The dimensions in Table 5.1 are used in the CST to build the 3D model of the 
ELC resonator. The schematic view of an ELC resonator [Schurig, 2006] from 
CST is shown Figure 5.3 (a) which has been modified with the materials used 
in this project. The cross section view of the structure is shown in Figure 5.3 
(b). The bottom substrate is Roger Duroid 5880 with the thickness of 
h=0.79mm. The resonator structure is on the top of the bottom Rogers Duroid 
5880, and the resonator structure is copper with the thickness of t=35µm. The 
spacers, another piece of Rogers Duroid 5880 with a thickness of ℎ𝑠𝑝𝑎𝑐𝑒𝑟 =
130𝜇𝑚, are used to form the cavity for LC, which is shown as the blue region 
in the Figure 5.3(b). Rogers Duroid 5880 with a thickness of 0.79mm is used 
as the top layer, and copper layer underneath the Duroid 5880 acts as the 
ground plane.  
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(a) 
 
(b) 
Figure 5. 3 (a) Structure of ELC resonator (b) Cross section view of ELC resonator 
(Not drawn to scale), 𝜀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 2.2, ℎ = 0.79𝑚𝑚, 𝑡 = 35𝜇𝑚, ℎ𝑠𝑝𝑎𝑐𝑒𝑟 = ℎ𝑙𝑐 =
130𝜇𝑚 
 
The results from lumped element modelling using ADS and full wave 
simulation results are shown in Table 5.2. The LCs from Merck E7 is used in 
the simulation for the whole project as it is used in the fabricated devices, 
which has the permittivity of 𝜀r⊥ = 2.72 and 𝜀‖ = 3.17 at room temperature 
[Yaghmaee, 2013]. As can be seen from Table 5.2, the resonant frequency is 
4.78GHz for lumped element modelling using ADS, where the dielectric 
constant of 2.72 is used. The CST simulation shows the resonant frequency 
of 4.72 at unswitched state. While for the switched state, the CST simulation 
results is 4.21GHz and ADS simulation results is 4.20GHz. With changing the 
dielectric constant of LC from 2.72 to 3.17, the biggest discrepancy between 
ADS and CST is 0.06GHz, which corresponds to 1.26%. Since the 
discrepancy between the ADS and CST is small, there is good agreement 
between ADS and CST simulation, which means that the equivalent lumped 
element model is appropriate to use.   
 
 
 
 
 
 
84 
 
Dielectric 
constant (ε) 
Resonant 
frequency (GHz) of 
S11 from ADS 
Resonant 
frequency (GHz) of 
S11 from CST 
2.72 4.78 4.72 
2.8 4.58 4.52 
2.9 4.41 4.42 
3.0 4.39 4.41 
3.1 4.22 4.25 
3.17 4.20 4.21 
Table 5. 2 Resonant frequency from ADS and CST simulation 
 
 
Figure 5. 4 Equivalent circuits of ELC resonator with 𝐶𝑝 
 
In the next step, the capacitance Cp between ground and resonator structures 
needs to be verified. In the simplified equivalent circuit of ELC resonator, the 
capacitance Cp between resonator structure and ground plane is not included. 
One of the issues for LC devices is that a ground plane is required to apply 
the external voltage for the LC. Therefore, this may affect the equivalent 
lumped circuit used in the first stage of the resonator design. Whether 𝐶𝑝 is 
included or excluded in the equivalent circuit needs to be analyzed. Figure 5.4 
shows the equivalent circuits of ELC resonator which considers and adds the 
capacitance between ground and microstrip lines, 𝐶𝑝. 
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Dielectric constant 
(ε) 
Resonant frequency 
(GHz) of S11 from ADS 
Resonant 
frequency (GHz) of 
S11 with only 
changing 𝐶𝑝 (ADS) 
2.72 4.78 4.73 
2.8 4.58 4.73 
2.9 4.41 4.72 
3.0 4.39 4.72 
3.1 4.22 4.70 
3.17 4.20 4.69 
Table 5. 3 Simulation results for equivalent circuit with and without Cp, ℎ𝑙𝑐 = 130𝜇𝑚 
 
In order to analyze the influence of 𝐶𝑝 for the ELC resonator, the simulation 
using ADS is carried out with using the equivalent circuit in Figure 5.1(b) and 
in Figure 5.4. Figure 5.1(b) shows the simplified equivalent circuit while Figure 
5.4 shows the equivalent circuit including Cp. The simulation using ADS starts 
with using the equivalent circuit in Figure 5.1(b), where all the capacitances 
are changed with changing the dielectric constant of LCs from 2.72 to 3.17. 
While for the ADS simulation using the equivalent circuit in Figure 5.4, only the 
capacitance Cp is changed with varying the dielectric constant from 2.72 to 
3.17 and other capacitance and inductance are fixed. In this way, how the 
capacitance Cp affects the resonant frequency is figured out.  The comparison 
of the results from lumped element modeling using Figure 5.1(b) and Figure 
5.4 is shown in Table 5.3. As can be seen from Table 5.3, the resonant 
frequency of only changing Cp shifts from 4.73GHz to 4.69GHz, which is a 
tuning range of 0.04GHz. Compared with the tuning range of 0.04GHz, the 
tuning range from changing all the capacitance and inductance is 0.58GHz, 
and it is 14.5 times bigger than the tuning range of only changing Cp. Therefore, 
it is appropriate to exclude the Cp in the equivalent circuit. The comparisons of 
simulated results of using ADS and CST are plotted in Figure 5.5. The resonant 
frequency in the ADS and CST shows that there is greater decrease when 
changing the dielectric constant from 2.7 to 2.9 and from 3 to 3.17. From 2.9 
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to 3, there is small decrease in the resonant frequency, which is very 
interesting to find out whether the same changes can be found from 
measurement results.  
 
 
Figure 5. 5 Comparison of simulation results using ADS and CST  
 
5.2.2 Verification of the Thickness of LC Layer 
 
Although 𝐶𝑝  does not need to be considered in the lumped element, 
capacitance and inductance do depend on the thickness of LC layer. The 
range of the appropriate thickness for LC layer need to be considered. The 
resonant frequencies from CST and ADS are generated with changing the 
thickness of LCs. After considering the ease of fabrication and tuning response 
time of LCs, the thickness is chosen to change from 50µm to 200µm. For ADS 
simulation, the changes in thickness will change the capacitance and 
inductance of the lumped elements. The results from ADS and CST are shown 
in Table 5.4, which shows the different thicknesses and the corresponding 
resonant frequency. 
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h(µm) Resonant 
frequency of S11 
(GHz) from ADS 
Resonant 
frequency of S11 (GHz) 
from CST 
50 4.65 4.61 
60 4.68 4.62 
70 4.70 4.67 
80 4.73 4.72 
90 4.75 4.73 
100 4.78 4.74 
110 4.80 4.69 
120 4.81 4.67 
130 4.80 4.63 
140 4.79 4.61 
150 4.76 4.59 
160 4.72 4.56 
170 4.71 4.52 
180 4.65 4.50 
190 4.55 4.48 
200 4.40 4.45 
Table 5. 4 Resonant frequency from CST and ADS results of changing thickness of 
LC 
 
Figure 5.6 plots the comparison between the ADS and CST results. As can be 
seen from Figure 5.6, the results from 50µm to 100µm of CST and ADS have 
matched with accepted error. However, when increasing the thickness from 
100µm to 200µm, there are very big discrepancies between two groups of 
results. The reason attributes to this problem might be the conditions to use 
the equations, which is the W/h ratio. When increasing the thickness, the ratio 
of W/h decreases, and if this decrease is out of the range to use the equations, 
it causes the discrepancies. However, as long as the discrepancy is known, it 
will not affect using it as the first stage of simulation and optimization. 
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Figure 5. 6 Comparisons of CST and ADS results with changing thickness of LC 
 
5.2.3 Verification of the LC Region 
 
Also, since LCs are switched between electrodes and ground plane, it is also 
interesting to find out whether the tuning is affected if LCs are only deposited 
on electrodes and the rest of the area uses spacers.  As can be seen from 
Figure 5.7, the blue region indicates the area of LCs and the grey region is 
modelled with spacers using four types of materials, namely acrylic plastic, 
PTFE, Mylar and PMMA. The dielectric constant for acrylic plastic, PTFE, 
Mylar and PMMA are 1.9, 2.1, 3.1 and 4, respectively. 
 
Figure 5. 7 The LC and spacer region 
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Two types of liquid crystals, liquid crystal E7 (Ɛ𝑟 from 2.7 to 3.17) and liquid 
crystal GT3-23001 (Ɛ𝑟  from 2.5 to 3.3), are used to get more results to 
compare. The results for the four different materials are summarized in Table 
5.5, and the table shows both the tuning range and tunability of using these 
materials. As can be seen from Table 5.5, from the simulation results, the 
tuning ability reduces with the increase of dielectric constant of the materials 
(Ɛ𝑟 from 1.9 to 4),. 
  
Spacer Tuning range & Tunability 
Merck E7  (Ɛ𝑟=2.7 to 
3.17) 
    GT3-23001 (Ɛ𝑟=2.5 to 
3.3) 
Acrylic 
Plastic (ε=1.9) 
370MHz (4.93 to 
4.56GHz) 
400MHz (4.98 to 
4.58GHz) 
7.6% 8.1% 
PTFE 
(ε=2.1) 
330MHz (4.91 to 
4.58GHz) 
340MHz (4.93 to 
4.59GHz) 
6.7% 6.9% 
Mylar 
(ε=3.1) 
260MHz (4.73 to 
4.47GHz) 
280MHz (4.78 to 
4.5GHz) 
5.5% 5.9% 
PMMA 
(ε=4) 
200MHz (4.65 to 
4.45GHz) 
210MHz (4.7 to 
4.49GHz) 
4.3% 4.5% 
Table 5. 5 The tuning range and tunablity with different spacers 
 
As can be seen from the simulation results, using Acrylic has the largest tuning 
range and tunability, which corresponds to 370MHz and 400MHz and 7.6% 
and 8.1%. However, using LCs in the whole region provides a tuning range of 
510MHz and a tunability of 11%. Therefore, from the discussion above, it is 
better to apply LCs in the whole region which not only can have better tuning 
range but also is ease for fabrication process. 
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5.2.4 First Optimization of ELC Resonator 
 
After verifying the equivalent circuits, the equations and the proper thickness 
of LCs, the first optimization is conducted with ADS. Since there are some 
dimensions can be optimized, it is important to find out which dimension should 
be optimized. Figure 5.8 shows the electric field of this resonator at resonant 
frequency, and orange and red colors represent the higher electric field. It can 
be clearly seen that the higher intensity of electric field concentrates on the 
central plates, which are the capacitive elements. Therefore, the optimization 
focuses on changing the dimensions of the central plates, which are g1, gc and 
lc, as shown in Figure 5.1.  
 
 
Figure 5. 8 Electric field at resonant frequency for ELC resonator 
 
After considering the fabrication resolution, the ranges for the dimensions can 
be changed as: the 𝑔𝑐  is chosen from 0.2mm to 0.6mm, 𝑔1  is chosen to 
change from 2mm to 6mm, and 𝐿𝑐 is chosen from 3mm to 7mm as increasing 
the length to the inductive loops means that the coupling between central plate 
and inductive loops needs to be considered.  
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(a) 
 
(b) 
 
(c) 
Figure 5. 9 First optimization of (a) changing gap gc between central plate (b) 
changing width 𝑔1 of central plate (c) changing length 𝐿𝑐 of central plate 
 
The optimization results are shown in Figure 5.9. Figure 5.9 (a) shows the 
simulation results of changing the gap 𝑔𝑐  between central plates. With 
increasing the gap, the resonator frequency increases from 4.7GHz to 
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5.05GHz. There is greater increase in the resonant frequency from 0.25mm to 
0.4mm, which means the resonant frequency is more sensitive in this range. 
Figure 5.9 (b) indicates the simulation results of increasing width g1 of central 
plates. There is an average increase of 0.2GHz when increases the width with 
a step of 1mm, and the largest increase happens in changing from 4mm to 
5mm. Figure 5.9 (c) shows the changes in resonant frequency as a function of 
increasing the length lc of the central plates. As can be seen from Figure 5.9(c), 
increasing the length of central plates from 3.5mm to 5.5mm shows bigger 
changes than from 5.5mm to 7mm.  The simulation results indicate the 
influences of changing these dimensions, and the changes in the width g1 and 
length lc of central plates are more sensitive to the resonant frequency. 
Therefore, if the optimization involves changing the resonant frequency greatly, 
it is better to optimize the length and width of the central plates. If the 
optimization focuses on small changes, changing the gap between central 
plates is more effective.    
 
 
Figure 5. 10 The optimized resonant frequency of 4.8GHz using ADS 
 
The resonant frequency using dimensions in Table 5.1 is 4.78GHz, which is 
close to the designed working frequency of 4.80GHz. As stated above, it is 
better to change the gap between central plates to adjust the working 
frequency for small changes. With changing the dimensions 𝑔𝑐 from 0.2mm to 
0.25mm, the resonant frequency can achieve 4.8GHz, as shown in Figure 5.10. 
The optimized dimensions using ADS are shown in Table 5.6.  
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𝐿𝑠𝑢𝑏 L W 𝐿1 𝑊1 𝐿𝑐 𝑔𝑐 𝑔1 
16 14 14 13 13 4.5 0.25 3 
Table 5. 6 Dimensions after first optimization using ADS (unit:mm) 
 
5.2.5 Second Optimization Using CST and Full Wave Simulation Results 
 
After the first optimization with ADS, the second optimization is carried out with 
CST. The reason why the second optimization is necessary are that LCs are 
used as homogeneous anisotropic materials in CST and it provides more 
accurate simulated results than ADS using isotropic value. The second reason 
is that since CST is full wave simulation, the magnitude of S-parameters can 
be optimized. 
 
The dimensions in Table 5.6 are used to build the 3D model of the tunable 
bandpass resonator using ELC resonator in CST, and the 3D model is shown 
in Figure 5.11. As can be seen from Figure 5.11, the resonator structure and 
feed lines are placed on different sides of Roger Duroid 5880 substrate and 
are connected through metallic vias. The LC layer, top ground plane and top 
substrate are chosen to be transparent so that the ELC resonator structure 
can be clearly seen.  
 
 
Figure 5. 11 The 3D model of the tunable bandpass resonator using ELC resonator 
in CST 
 
94 
 
 
Figure 5. 12 S11 generated from CST 
 
The full-wave electromagnetic simulations using CST demonstrates that using 
the dimensions from first optimization, the resonant frequency in CST is 
4.73GHz, as shown in Figure 5.12. In order to achieve the designed frequency 
of 4.80GHz, the three dimensions stated in the first optimization are used to 
carry out the second optimization. The three dimensions are changed 
separately to find out how each dimension affects the resonant frequency. 
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(a) 
 
(b) 
 
(c) 
Figure 5. 13 (a) The resonant frequencies with changing gaps gc (b) The resonant 
frequencies with changing the width of central plate g1 (c) The resonant frequencies 
with changing length of central plate Lc 
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The gap gc between the central plates are first changed from 0.2mm to 0.6mm, 
and the simulation results are shown in Figure 5.13 (a). As can be seen from 
Figure 5.13(a), when changing the gap from 0.2mm to 0.6mm, the resonant 
frequency shifts from 4.72GHz to 5.1GHz with the magnitude fluctuating from 
-16dB to -19dB. The 4mm increase in the gap indicates a frequency change 
of 0.38GHz, which means that resonant frequency is sensitive to the increases 
in the gap. Therefore, a high resolution mask is required to pattern the 
electrodes precisely to minimize the influence of the fabrication error. The 
width g1 of the central plate is then changed from 0.2mm to 0.6mm, and Figure 
5.13(b) shows the simulation results. As can be seen from Figure 5.13(b), the 
resonant frequency changes from 4. 7GHz to 5.46 GHz with changing the g1 
from 0.2mm to 0.6mm, which means an average increase of 0.2GHz with an 
increase of 0.1mm in the width. Changing the width of central plate has a 
significant change in the resonant frequency, which means the resonant 
frequency is very sensitive to the changes in the central plate’s width. Again, 
it proves a high resolution mask is a must in the fabrication process. 
 
The length of the central plate Lc is also investigated to figure out the influence 
on the resonant frequency. The length Lc of the central plate is varied from 
3.5mm to 7mm, and the simulation results are shown in Figure 5.13. From 
Figure 5.13(c), the resonant frequency shows a clear shift from 4.34GHz to 
5.16GHz when changes the Lc from 3.5mm to 7mm. The magnitude goes 
smaller with changing the length Lc, which changes from -18dB to -13dB. 
Increasing the length Lc decreases the magnitude of S11, and in order to have 
good return loss, the length Lc should not be too long. Also, changing the 
length of 0.5mm increases about 0.1GHz in the resonant frequency, which also 
indicate the necessity of high resolution mask used in the fabrication process.   
 
The simulations results above show that all the three dimensions affect the 
resonant frequency. With the understanding of how the three dimensions affect 
resonant frequency, the second optimization is conducted with changing the 
three dimensions to figure out the dimensions which can achieve the working 
frequency of 4.80GHz and largest tuning range. The optimization process 
suggests that with gc of 0.25mm, g1 of 0.3mm and Lc of 4.5mm, the resonant 
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frequency is 4.80GHz, and Table 5.7 shows the dimensions after second 
optimization. 
 
𝐿𝑠𝑢𝑏 L W 𝐿1 𝑊1 𝐿𝑐 𝑔𝑐 𝑔1 
16 14 14 13 13 4.5 0.25 3 
Table 5. 7 Dimension after second optimization using CST (unit:mm) 
 
After the second optimization, the full wave simulation using CST is conducted, 
where LCs are used as homogeneous anisotropic materials. The alignment 
direction is chosen to be along x, as shown in Figure 5.11, and the LCs are 
switched from along x to along z direction. Figure 5.14 shows the full wave 
simulation results. It can be seen from Figure 5.14, with LC directors switching 
from along x to along z, the resonant frequency shift from 4.8GHz to 4.23GHz, 
and it corresponds to a frequency change of 570MHz and a tunability of 11.8%. 
The return losses at resonance are -19dB for the unswitched state and -21dB 
for the switched state, and insertion loss are no larger than -2dB. 11.8% of 
tunability is relatively a very good tunability, and this structure is fabricated and 
measured in later section.  
 
 
Figure 5. 14 The resonant frequency with LC director switching from unswithced to 
switched state 
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5.3 Tunable LC Resonator Using Type II ELC Resonator 
 
An alternative structure to the ELC resonator is shown in Figure 5.15(a). 
Compared with the previous structure, this improved structure has two gaps in 
the inductive loops. The equivalent circuit for the improved structure is shown 
in Figure 5.15(b). The central plates and the gap in the inductive loops form 
the capacitors, and the inductive loops form the inductors. The total 
capacitance can be increased with the two additional gap capacitances, and 
the area to higher intensity to the electric field is also increased and observed 
from CST. In this way, larger tuning range can be generated as more LC can 
be fully switched with more area of higher intensity to the electric field. 
 
  
(a) 
 
 
(b) 
Figure 5. 15 (a) Structure of the type II ELC resonator (b) Equivalent circuit of the 
Type II ELC resonator 
 
As can be seen from Figure 5.15 (b), 𝐶𝑠 and 𝐶𝑠1 are the same capacitances 
derived from the gap of the conducting loops. 𝐿𝑠1 , 𝐿𝑠2 , 𝐿𝑠3 and 𝐿𝑠4 are the 
inductance of the conducting loops and they are the same value, so 𝐿𝑠 is used 
to represent in the following equations. According to [Arritt, 2011] and 
[Withayachumnankul, 2011], the resonant frequency, capacitance and 
inductance of the ELC resonator could be calculated as follows 
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𝑓0 =
1
2𝜋√(𝐶𝑐+𝐶𝑠)(𝐿𝑠1+𝐿𝑠3)
                                           5-13 
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𝛼 is the propagation constant and it is 5/2 [Arritt, 2011]. 𝐶𝑐 is the capacitance 
of the central strip, and it can be calculated using the equations from previous 
section. The working frequency is designed to be 5GHz and the initial 
dimensions using empirical equations for the resonator is shown in Table 5.8. 
 
 
Optimization  𝐿𝑠𝑢𝑏 L W 𝐿1 𝑊1 𝐿𝑐 𝑔𝑐 𝑔1 𝑔𝑠 
Before 16 14 14 13 13 4 0.3 2.5 0.3 
After 16 14 14 13 13 4 0.2 3 0.2 
Table 5. 8 Dimensions of amended ELC resonator shown in Figure 4.33(a) 
(Unit:mm) 
 
 
(a) 
 
(b) 
Figure 5. 16 ADS results (a) before optimization (b) after optimization 
 
The resonant frequency from ADS is shown in Figure 5.16 (a), and the 
resonant frequency is 4.86GHz, which indicates a discrepancy of 2.8% and it 
is an acceptable error. With the initial resonant frequency, the first optimization 
can be conducted to adjust the working frequency. The optimization involves 
changing the g1, gc,  gs  and Lc. As shown in Figure 5.16 (b), the first optimization 
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shows that the working frequency of 5GHz is achieved when gc  and gs are 
0.2mm, g1 of 3mm, and other dimensions remain the same, as shown in Table 
5.8.  
 
 
Figure 5. 17 3D structure of the type II ELC resonator 
 
The 3D model is constructed in CST with the dimensions after first optimization 
using ADS, and it is shown in Figure 5.17. The full wave simulation is carried 
out using CST and the result of the resonant frequency is shown in Figure 5.18. 
It shows the resonant frequency of 4.9GHz with using the dimensions after 
first optimization. As the working frequency is 5GHz, second optimization is 
carried out to satisfy the requirement.  
 
 
Figure 5. 18 Resonant frequency using dimensions after first optimization in CST 
 
From the previous section, it is known that g1, gc, and Lc all affect the resonant 
frequency, and the resonant frequency is very sensitive to the change of g1 
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and Lc. How gs affects the resonant frequency needs to be figured out. 
Therefore, the gap gs in the inductive loops is changed from 0.1mm to 0.4mm 
to find out the influence on resonant frequency. Figure 5.19 shows the 
resonant frequencies changes from 4.95 GHz to 4.8 GHz when changes the 
gap gs from 0.1mm to 0.4mm, which means every increase of 0.1mm leads to 
an average decrease of 0.04 GHz. It means that changing in the gap gs is not 
very sensitive to the resonant frequency.  
 
 
Figure 5. 19 Resonant frequency with different gap gs 
 
After understanding the influence of gap gs, the second optimization is carried 
out with changing g1, gc, gs and Lc. Since the resonant frequency using the 
dimension after first optimization is close to the designed working frequency, 
these dimensions do not need to change to a wide range to achieve the 
working frequency. After considering the fabrication limitations, g1 and gs are 
chosen to change from 0.1mm to 0.5mm, g1 changes from 2mm to 3mm with 
a step of 0.1mm, and Lc varies from 3.5mm to 6mm as not to consider the 
coupling between central plates and inductive loops. The optimization starts 
with changing Lc and fixing other three variables. When the optimized Lc is 
found, the optimization is carried out with another dimension with fixing other 
three dimensions. In this way, the second optimization is completed with the 
final dimensions, as shown in Table 5.9. 
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𝐿𝑠𝑢𝑏 L W 𝐿1 𝑊1 𝐿𝑐 𝑔𝑐 𝑔1 𝑔𝑠 
16 14 14 13 13 4.5 0.2 2.4 0.3 
Table 5. 9 Final dimensions of the improved ELC resonator 
 
 
Figure 5. 20 Resonant frequency using final dimensions at unswitched and switched 
state 
 
The 3D model is updated with the final dimensions, and the full-wave 
simulations using CST is conducted to figure out the working frequency, tuning 
range and tunability. Figure 5.20 shows simulation results of resonant 
frequency when switching LC directors from along x to along z as shown in 
Figure 5.17. Figure 5.20 indicates that by switching the LCs from along x to 
along z, the resonant frequency shifts from 5 GHz to 4.47 GHz, which shows 
a tuning range of 530MHz and a tunability of 10.6%.  
 
5.4 Tunable LC Resonator Using Type III ELC Resonator 
 
The third alternative to the ELC resonator is designed and shown in Figure 
5.21(a). This alternative adds two additional inductive loops to the previous 
model, which forms two more inductances for the resonators. The equivalent 
circuit of the Type III ELC resonator is shown in Figure 5.21(b). Compared with 
previous model, if the additional inductive loops have wider width than the 
loops with gap, the additional inductive loops are acted as the dominant 
inductance, which decrease the total inductance and increase the working 
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frequency. Therefore, in order to maintain the working frequency, the 
capacitance C needs to be increased, and it can be realized by changing in 
either the gap or the width or length of central plate. The increase in the 
capacitance means a bigger change in the resonant frequency.  
 
(a) 
 
 
(b) 
 
(c) 
Figure 5. 21 (a) Structure of type III ELC resonator (b) equivalent circuit for type III 
ELC resonator (c) Simplified equivalent circuit for calculating resonant frequency 
 
As the equivalent circuit is symmetric, this equivalent circuit can be simplified 
as Figure 5.21(c) when calculating the resonant frequency. The resonant 
frequency can be calculated as follows 
𝑓0 =
1
2𝜋
√
𝐿𝑠1+𝐿1+𝐿𝑠3
(𝐶𝑠1+𝐶𝑐)(𝐿𝑠1+𝐿𝑠3)𝐿1
                                               5-16 
 
In order for this resonator to work at 5GHz, the initial dimensions for the 
structure are calculated using the equations stated in section 5.1 and 5.3, and 
the dimensions are shown in Table 5.10 as the initial values. The equivalent 
circuit using ADS shows that with the initial calculation, the resonant frequency 
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is 4.84GHz, as shown in Figure 5.22 (a).  
 
Optimization 𝐿𝑠𝑢𝑏 L W 𝑊𝑠 𝑊𝑙 𝐿𝑐 𝑔𝑐 𝑔1 
Initial  20 14 14 0.3 0.5 4 0.25 1.5 
After 20 14 14 0.3 0.5 4 0.2 1.7 
Table 5. 10 Dimensions for Type III ELC resonator after initial calculation (Unit: mm) 
 
 
(a) 
 
     (b) 
Figure 5. 22 (a) The resonant frequency with initial calculation (b) The resonant 
frequency after first optimization 
 
The first optimization is conducted to adjust the working frequency. The 
optimization mainly focuses on the dimensions affecting the capacitance, as 
higher intensity of electric field concentrates on capacitive elements, which are 
Lc, gc and g1. The value after optimization is shown Table 5.10 as the after 
value, and Figure 5.22 (b) shows the resonant frequency after first optimization.  
 
After the first optimization, the dimensions are used to construct the 3D model 
in CST and shown in Figure 5.23. Compared with previous model, this model 
uses a different configuration of feed line, and they are put on the same side 
with the resonator structure. In the simulation with CST, as long as the 
impedance matching is well matched, it makes no difference to put feedline on 
the same side or the other side. The choice can depend on the own preference 
and ease of fabrication. The material used is Rogers Duroid 5880 with the 
thickness of 0.79mm as the dielectric substrate and the copper to pattern the 
electrodes has the thickness of 0.035mm. 
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Figure 5. 23 3D of the type III ELC resonator in CST 
 
Figure 5.24 shows the simulation results using the dimensions after first 
optimization. As can be seen from Figure 5.24, the resonant frequency shifts 
from 4.92GHz to 4.39GHz, and it corresponds to a tuning range of 540MHz 
and a tunability of 11%.  
 
 
Figure 5. 24 Resonant frequency using the dimensions after first optimization 
 
The second optimization involves adjusting the working frequency and 
optimizing tuning ragne by changing the dimensions of Lc, gc and g1. The gap 
gc changes from 0.1mm to 0.5mm, g1 changes from 1mm to 3mm with a step 
of 0.1mm, and Lc varies from 3mm to 5mm with a step of 0.5mm. The 
optimization suggests that with the dimensions shown in Table 5.11, the 
working frequency of 5GHz and the optimized tuning range are achieved.  
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𝐿𝑠𝑢𝑏 L W 𝑊𝑠 𝑊𝑙 𝐿𝑐 𝑔𝑐 𝑔1 
20 14 14 0.3 0.5 4 0.25 1.5 
Table 5. 11 Dimensions for the resonator after second optimization (unit: mm) 
 
With the final dimensions from the second optimization, the working frequency 
and the tuning range can be simulated with CST. Figure 5.25 shows the 
resonant frequency and tuning range when switches LC directors from along 
x to along z. It can be seen from Figure 5.25, the resonant frequency shifts 
from 5GHz to 4.42GHz, which corresponds to a tuning range of 570MHz and 
a tunability of 11.4%. The return losses at resonance are -28.7dB for the 
unswitched state and -26.4dB for the switched state, and insertion loss no 
bigger than -2dB. Compared with the previous two models, this alternation has 
the largest tuning range, and it needs to be fabricated and tested.  
 
 
Figure 5. 25 Resonant frequency using dimensions after final optimization at 
unswitched and switched state 
 
The performance of the three types of the ELC resonators are summarized in 
Table 5.12. As can be seen from the Table 5.12, Type I and type III ELC 
resonators have the tuning range of 570MHz, and the tuning range of Type II 
ELC resonator is 0.53GHz. The fractional bandwidth (FBW) is the bandwidth 
of the device divided by its centre frequency, and it means that the smaller the 
FBW, the narrower the bandwidth is. Compared with Type I and Type III ELC 
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resonator, type II ELC resonator has it has narrower bandwidth at both 
unswitched and switched state, since the FBW is smaller than them. All the 
three types of the ELC resonators are fabricated and measured so that the 
simulation and measured results can be compared to verify the design method.  
 
 Switching 
state 
Centre 
Frequency 
(GHz) 
FBW Tuning 
Range 
(GHz) 
Tunability 
Type I 
ELC 
 
Unswitched 4.8 10.6% 0.57 11.8% 
Switched 4.23 13.4% 
Type II 
ELC 
Unswitched 5 7.6% 0.53 10.6% 
Switched 4.47 7.8% 
Type III 
ELC 
Unswitched 5 13% 0.57 11.4% 
Switched 4.42 10.2% 
Table 5. 12 Summary of three types of ELC resonators 
 
5.5 Measurement Results for Tunable LC Resonators Using ELC 
resonators 
 
5.5.1 Measurement for Tunable LC Resonator Using Type I ELC 
resonator 
 
Component Material Thickness (mm) 
Microstrip line 
substrate/Ground plane 
substrate 
Rogers Duroid 5880 0.79 
Microstrip line and 
ground plane 
Copper 0.035 
Spacer Rogers Duroid 5880 0.13 
Liquid Crystals Merck E7 0.13 
Table 5. 13 The dimensions for the component to build the device 
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The material of Rogers Duroid 5880 has been chosen as the dielectric 
substrate because its low permittivity allows higher field confinement in the LC 
region, increasing the effect of the LC switching.   The board is cleaned first 
by using acetone, and it uses the traditional etching method stated in Chapter 
3 to pattern electrodes. Another piece of Rogers Duroid 5880 is used as the 
spacer, which is etched first to remove the copper and laser cutter is then used 
to cut the shape of the spacer. The device is then assembled using the process 
stated in Chapter 3. The dimensions for the material is shown in Table 5.13, 
and the Figure 5.26 shows the patterned electrodes, the shape of spacer and 
the assemble device. Liquid crystal E7 from Merck is used for the all the 
fabricated devices in the thesis. 
 
 
(a) 
 
(b) 
  
(c) 
Figure 5. 26 (a) Patterned ELC resonator (b) the shape of spacer (c) the assemble 
device 
 
The device is measured using the measurement setup discussed in Chapter 
3.  Measurements were taken with the biasing voltage amplitude varying from 
0 V to 16 V in 0.5 V steps with using the 1kHz AC voltage, as stated in Chapter 
3.4.3. Figure 5.27 shows the measurement results with different external 
voltage applied. As can be seen from Figure 5.27(a), the resonant frequency 
shifts from 4.76GHz to 4.29GHz with changing the external voltage from 0V to 
16V. The tuning range is 470MHz and the tunability is 9.8%. The return losses 
are -21.6dB for 0V and -16.5dB for 16V. The insertion loss shows in Figure 
5.27 (b), and the insertion losses are under -3dB at resonant frequencies for 
all the measurement external voltage.  
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(a) 
 
(b) 
Figure 5. 27 (a) The measured results of S11 (b) The measured results of S21 
 
Figure 5.28 shows the centre frequency as a function of the LC bias voltage. 
When a voltage is applied across an LC cell there is a threshold voltage before 
the LC starts gradually to re-orient itself to the applied field (Fréedericksz 
transition). For E7 this threshold is about 0.5 V and Figure 5.28 shows this 
behavior for the centre frequency. After 0.5V, the central frequency decreases 
slowly and continuously for intermediate values between 0.5V to about 8V and 
there is little change after that. When the bias voltage increases to more than 
8V, the LC reaches a saturation state and most of the LC is oriented 
perpendicular to the electrodes.  
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Figure 5. 28 Frequency as a function of bias voltage 
 
Figure 5.29 shows the comparison of simulation results and measured results 
for the unswitched and switched states. As can be seen from Figure 5.29, the 
simulated and measured S11 show a discrepancy of 0.04 GHz (0.8%) and it 
can be seen as very good agreement in the unswitched state. The result in the 
switched state shows 4.23 GHz for the simulation along z and 4.29 GHz for 
the switched state. This discrepancy is 0.06 GHz and it corresponds to a 
difference of 1.4%, which is an acceptable discrepancy. This discrepancy may 
be attributed to the reason that in the actual situation, most of the LCs are 
switched while some LCs near the electrodes and ground plane are not 
switched, which results in the actual relative permittivity smaller than the 
permittivity used in the simulation as explained in Chapter 4. As for the 
fractional bandwidth (FBW), it is 10.5% at unswitched state and 12.6% at 0V, 
and the discrepancy is 1.9%, which is a good agreement. The FBW is 9.7% at 
switched state and 14% at 16V, which corresponds to a discrepancy of 5.3% 
and this deviation is acceptable. Therefore, based on the comparison between 
simulated and measured results, the general design method proposed for 
tunable LC devices based on microstrip configuration is verified as correct and 
effective to use. 
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Figure 5. 29 Comparison of measured and simulated results for type I ELC 
resonator 
 
5.5.2 Measurement of Tunable LC Resonator Using Type II ELC 
Resonator 
 
The same fabrication procedure is used to produce electrode patterns and 
assemble the device, as the assemble devices shown in Figure 5.30. This 
device is then measured using the standard measurement setup and using 
bias voltage from 0V to 16V with a step of 0.5V to switch the LCs.  
 
 
Figure 5. 30 The assemble Type II ELC resonator 
 
Figure 5.31 shows the measured resonant frequency when applying bias 
voltages, and it shows that the resonant frequency shifts from 4.98 GHz to 
4.51GHz with increasing the external voltage from 0V to 16V. The tuning range 
is 480MHz and it corresponds to a tunability of 9.6%. It also shows that with 
112 
 
the increasing of the voltage, the return loss shows a decrease. The decrease 
in the return loss can be attributed to the anisotropy of the loss tangent which 
is higher along the director.  
 
 
Figure 5. 31 The measured resonant frequency with external bias voltage for type II 
ELC 
 
Figure 5.32 shows the resonant frequency as a function of the bias voltage. It 
can be seen from the Figure 5.32, the threshold voltage is about 0.5V, which 
is similar as the results from previous measurement. After the threshold 
voltage, the frequency decreases continuously and drastically between 0.5V 
to 8V. There is small changes in the frequency after 8V, and it means that 8V 
is the saturation voltage.  
 
 
Figure 5. 32 Frequency as a function of bias voltage for type II ELC 
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The comparison between the measured and simulated results is shown in 
Figure 5.33. As can be seen from Figure 5.33, in the unswitched state, the 
resonant frequencies for the simulation along x and measured are 5GHz and 
4.98GHz, and there is very good agreement between them. At switched state, 
the simulation along z is 4.47GHz while the measured result is 4.51GHz, and 
it shows a discrepancy of 0.04GHz. As discussed above, this discrepancy can 
be attributed to the difference in the relative permittivity between the simulation 
and actual measurement.  The fractional bandwidth for the simulated and 
measured results shows some discrepancies. The FBW for the simulated 
results are almost constant, and the measured FBW for the measured results 
increases for 50MHz between 0V to 16V. The 3dB bandwidth for measured 
results is nearly double that of the simulated results. The explicit reason for 
the discrepancy is unknown, but it may be attributed to the fabrication error 
and shortcomings of the simulation software. 
 
 
Figure 5. 33 Comparison between simulation and measured results for type II ELC 
 
5.5.3 Measurement of Tunable LC Resonator Using Type III ELC 
resonator 
 
Compared with previous two models, type III ELC resonator uses a different 
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configuration which uses feed lines and the resonator structure on the same 
side. As shown in Figure 5.34, the microstrip lines labeled with red circles are 
used to connect the ground plane with the connectors so that the low AC bias 
voltage can be applied to switch the LCs. This connection is realize by using 
a thin layer of the conductive material to connect the microstrip lines in the red 
circles with the ground plane, and the microstrip lines are then soldered with 
the connectors to connect the ground plane and the connectors. In this way, 
the connection is built and the voltage can be applied.  
 
Figure 5. 34 (a) The layout of Type III ELC resonator  
 
Figure 5.35 shows the measured results with applying the external voltage, 
and the resonant frequency shifts from 4.98 GHz to 4.46 GHz when the bias 
voltage changes from 0V to 16V. The tuning range is 520 MHz and it means a 
tunability of 10.5%. The return loss shows a decrease from -19.5dB to -14dB 
from 0V to 16V. The reason for the decrease has been discussed above.  
 
Figure 5. 35 Measured resonant frequency with different bias voltage for type III 
ELC 
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Figure 5.36 shows the resonant frequency as a function of bias voltage. As 
discussed above, the threshold voltage is 0.5V which can be seen from the 
figure. The saturation voltage is 8V, and beyond 8V, there is little change in the 
frequency. The main change in the frequency happens between 0.5V to 8V 
and this change is a continuously decrease.  
 
 
Figure 5. 36 Resonant frequency as a function of bias voltage 
 
Figure 5.37 shows the comparison between the measured and simulated 
results. As can be seen from the figure, at the unswitched state, the resonant 
frequency from simulation along x is 5GHz while the measured results shows 
4.98GHz, and it is a discrepancy of 0.02GHz (0.4%). Since the discrepancy is 
quite small, at the unswitched state, there is good agreement between the 
simulation and measured results at the resonant frequency. At switched state, 
for the resonant frequency, it is 4.46 GHz for the measured results and 4.42 
GHz for the simulation results, which shows a small discrepancy of 0.04 GHz 
(0.9%). In the resonant frequency, for both unswitched and switched state, 
there are good agreements between measured and simulated results. 
However, for the magnitude, there are big discrepancies. As can be seen from 
Figure 5.37, the return losses are -20dB and -26dB for the unswitched state, 
and it can be seen as reasonable agreement. For the switched state, the return 
losses are -14dB for the measured results and -28dB for the simulation results, 
which is double in the value. The reason for this discrepancy can be attributed 
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to the configuration of feedline and the microtrip lines connecting the ground 
plane and the connectors.  
 
 
Figure 5. 37 Comparison between measured and simulated results for type III ELC 
 
 
Figure 5. 38 Electric field including four additional electrodes for type III ELC 
 
The CST simulation is used to include the four electrodes to figure out how 
these electrodes affect the resonant frequency. The simulation suggests that 
some of the electric field is generated in the additional electrodes as shown in 
Figure 5.38, and it makes power loss and can reduce the depth of the 
measured S-parameters. Therefore, this configuration is not preferred and 
feed lines on different side is used for the following designs.   
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5.6 Conclusion 
 
The proposed design method is demonstrated with the design and fabrication 
of three tunable microstrip LC resonators, using an inverted microstrip 
structure consisting of three types of ELC resonators. The first resonator using 
ELC resonator is designed to work at 4.8GHz and the LC used is E7. The 
fabricated device is measured and shows a tuning range of 470MHz with a 
tunability of 9.8%, in good agreement with the predictions from CST. The 
biggest discrepancy of the resonant frequency between measured and 
simulated results is 0.06 GHz and it corresponds to a difference of 1.4%.  The 
second and third devices used type II and III ELC resonators to form tunable 
resonators using LCs are designed to work at 5GHz. These two resonatorss 
are then fabricated and measured. The type II tunable ELC resonator using 
LCs has a tuning range of 480MHz and it corresponds to a tunability of 9.6%, 
and the type III tunable ELC resonator using LCs has a tuning range of 520 
MHz and it is a tunability of 10.5%. The biggest discrepancies of resonant 
frequencies for type II and type III tunable ELC resonator are 40MHz and 
40MHz, respectively. There are very good agreements for the three types of 
tunable LC resonators in the resonant frequencies between the simulated and 
measured results. Therefore, the general design method proposed is an 
effective methodology and can be used for the design of microstrip tunable 
devices based on LCs. However, in the type II and type III ELC resonator using 
LCs, there are discrepancies in the 3dB bandwidth. In the following designs, a 
method to control bandwidth may be proposed, if the 3dB bandwidth needs to 
be constant. 
 
The merits of using ELC resonator is that this types of structure increase the 
tuning range and tunability. The rough estimation of the tunability for E7 LC 
from using the perpendicular and parallel permittivity is about 6% to 7%. 
However, for the three types of ELC resonators simulated and measured, the 
tunability are 9.8%, 9.6% and 10.5%, respectively, which are bigger than the 
estimation. The reason might be this structure couples strongly to the electric 
field and thereby increasing the tuning range and tunability.   
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Chapter 6 Tunable LC Resonators Using 
Interdigital Capacitors 
 
In the previous chapter, the design method has been tested and verified by 
designing tunable resonators using ELC resonators to work at 5GHz. Since 
the second objective is to explore more possibilities of using LC based devices. 
In this chapter, a different type of tunable resonators using IDCs are 
investigated.  
 
In this chapter, resonators working at 2.4GHz are investigated. The ELC 
resonator has been shown to be an effective structure to use with LC as a 
tunable device in Chapter 5. Therefore, in order to employ the characteristics 
of strong coupling to electric field and use the simple equivalent circuit of ELC 
resonator, an alternative structure needs to be proposed to make it work at 
2.4GHz. In order to work at lower microwave frequencies, either a higher 
capacitance or inductance is needed [Bilotti, 2007]. One way of reducing the 
resonant frequency is to introduce more inductance in the arms [Schurig, 
2006]. However, increasing the inductance using these arms means 
increasing the size of the resonator, as stated in previous chapter the inductive 
loops provide the inductance. Increasing the size is not the ideal choice, since 
a small size is preferred in modern wireless communication systems [Kumar, 
2013b]. Another way to achieve a lower frequency resonance is to increase 
the capacitance. In order to increase the capacitance, interdigital capacitors 
(IDC) are considered to use as the alternative structure. More capacitance is 
achieved in this way, by increasing the length of the electrodes in a small area 
[Bahl, 2003]. 
 
In this chapter, tunable bandpass resonators using IDCs are designed, 
simulated, fabricated and tested. The first part of this chapter focuses on 
designing tunable resonators working at 2.4GHz. Three types of tunable 
resonators using different numbers of IDC fingers are designed, optimized and 
simulated to achieve the largest tuning range. Since using IDC can provide 
more capacitance and 𝑓 =
1
√𝐿𝐶
, it means with a fixed resonant frequency, using 
119 
 
IDC needs smaller inductance than the ELC resonator. Smaller inductance in 
this type of structure mean decreased length of inductive loops as the inductive 
loops provide the inductance. Therefore, with the aim of size reduction, the 
tunable resonators using IDC are also designed to work at 5GHz. The 
resonators using IDCs are designed, optimized and fabricated. A comparison 
of the performance of the tunable resonators using LCs is made between the 
designed IDC resonators and other resonators from literatures.  
 
6.1 Design Method for the IDC Resonators 
 
The detailed structure chosen for the inverted microstrip resonator is shown in 
Figure 6.1(a), and follows ideas from [Yagmaee, 2013]. As long as the overall 
size of the resonator is small fraction of the operating wavelength, this 
resonator can be approximated by an inductor and capacitor in the form of a 
resonant circuit [Yagmaee, 2013; Hong, 2003]. As shown in Figure 6.1(a), the 
interdigital capacitors (IDC) provide the capacitance and the two outer 
branches connecting in parallel provide the inductance to the circuit. The 
simplified equivalent circuit for the resonator is shown in Figure 6.1(b), where 
C is the total equivalent capacitance of the IDC, 𝐿1 is the inductance from the 
IDC and 𝐿2 is the inductance of the loops. Since the effective length of IDC is 
long, the inductance L1 from the IDC cannot be ignored.   
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Figure 6. 1 (a) Schematic view of the resonator (for illustration) (b) Equivalent circuit 
of the resonator. 
 
For the resonant circuit, the resonant angular frequency ω is given by 1
√𝐿𝐶
⁄ , 
therefore, C and L are needed to determine the resonant frequency. The 
partial capacitance method [Gevorgian, 2001; Gupta, 1996] is used to find the 
capacitance and inductance of the resonator, and the capacitance C of the 
IDC can be analytically calculated as follows [Gevorgian, 2001], 
 
𝐶𝐼𝐷𝐶 =
𝜀𝑒𝑓𝑓10
−3
18𝜋
𝐾(𝑘)
𝐾′(𝑘)
(𝑁 − 1)𝑙𝐼𝐷𝐶            (𝑝𝐹)                                         6-1 
Where the capacitance of the IDC shows in Figure 6.1(a) is a function of the 
finger length l, total number of fingers N, line width w, gap width g, and effective 
dielectric constant 𝜀𝑒𝑓𝑓. 
 
The ratio of complete elliptic integral of first kind 𝐾(𝑘) and its complement 
𝐾′(𝑘) is given by 
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𝐾(𝑘)
𝐾′(𝑘)
= {
1
𝜋
ln {2
1+√𝑘
1−√𝑘
}         𝑓𝑜𝑟 0.707 ≤ 𝑘 ≤ 1
𝜋
ln [
1+√𝑘′
1−√𝑘′
]
              𝑓𝑜𝑟 0 ≤ 𝑘 ≤ 0.707                                  6-2 
and 𝑘 = 𝑡𝑎𝑛2(
𝑤𝜋
4(𝑤+𝑔)
); 𝑘′ = √1 − 𝑘2. All the lengths are in microns.   
 
The inductance of the IDC 𝐿1 is approximated as [Gevorgian, 2001] 
𝐿1 =
𝑍𝑜√𝜀𝑒𝑓𝑓
𝑐
                                                                            6-3 
where 𝜀𝑒𝑓𝑓 =
𝜀𝑟+1
2
+
𝜀𝑟−1
√1+12(
ℎ
𝑏
)
, 𝑍𝑜 and 𝜀𝑒𝑓𝑓 are calculated with the loop width b 
and thickness h and 𝑐 is the velocity of light in free space. 
 
The loop inductance 𝐿2 is approximated as [Yagmaee, 2013] 
               𝐿2 = 𝜇0𝜇𝑟ℎ(2
𝑏
𝑊
+ 2
𝐿
𝑏
+
𝐿−2𝑏−𝑔−𝑙
𝑏
)                                           6-4 
The permeability 𝜇𝑟 of the LC can be approximated by 𝜇𝑟 = 1. 
 
The resonant frequency for this resonator can be calculated as 
𝑓 =
1
2𝜋√(𝐿2+𝐿1)𝐶𝐼𝐷𝐶
                                                                     6-5 
 
When N is 2, the IDC can be seen as an ELC resonator with two parallel strips. 
When the ELC resonator and IDC have the same line width, gap width, same 
substrate, compared the capacitance C from ELC resonator, the Cidc  can be 
rewritten as  
𝐶𝑖𝑑𝑐 = (𝑁 − 1)
𝑙𝑖𝑑𝑐
𝑙𝑒𝑙𝑐
𝐶                                                             6-6 
 
Where lelc and lidc are the length of the parallel strip of ELC resonator and IDCs. 
The resonant frequency of IDC can be converted into 
𝑓𝑖𝑑𝑐 = √
𝑙𝑒𝑙𝑐
𝑙𝑖𝑑𝑐(𝑁−1)
𝑓𝑒𝑙𝑐                                                           6-7 
 
The equation 6-7 shows clear that if the ELC and IDC have the same length 
of parallel strips, using IDC with multiple fingers have lower resonant 
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frequency then ELC resonator, which shows that using IDC is an effective way 
to work at lower microwave frequencies.  
 
6.1.1 Verification of Cp 
 
 
Figure 6. 2 Equivalent circuit including Cp 
 
As stated in the previous chapter, if the capacitances Cp is not included in the 
design equations, whether it is reasonable to exclude the Cp needs to be 
verified. Figure 6.2 shows the equivalent circuit including Cp in the ADS 
simulation. The equivalent circuits including and excluding Cp are both 
simulated with ADS, and the results are shown in Figure 6.3. It is designed to 
work at 2.4GHz with using IDC with 5 fingers. As can be seen from Figure 6.3 
(a) and (c), the resonant frequencies at unswitched state including Cp and 
excluding Cp are 2.38GHz and 2.36GHz, respectively. At switched state, the 
resonant frequencies are 2.10GHz including Cp and 2.04GHz excluding Cp. 
The biggest discrepancy in the simulation results is 60MHz (2.1%), and it 
means including the Cp changes only 2.1% of the resonant frequency, which 
is relatively a small change. Therefore, in the ADS simulation, Cp is not 
included in the simplified equivalent circuits.  
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(a) 
 
(b) 
  
 
(c) 
 
(d) 
Figure 6. 3 Resonant frequency at (a) unswitched state excluding Cp (b) at switched 
state excluding Cp (c) at unswitched state including Cp   (d) at switched state 
including Cp 
 
The intention of using IDCs is to increase the capacitance without increasing 
the size. However, using too many numbers of IDC finger may makes it too 
close to the inductive loops, which leads to the consideration of coupling 
between fingers and inductive loops. Therefore, in order to minimize the 
influences of the coupling and the consideration of fabrication, such as the 
minimum gap between IDC fingers, the number of IDC fingers is chosen to be 
less than 11 fingers. The empirical calculations have been used to calculate 
the resonant frequency and tuning range so that there is a clear idea of how 
many fingers of IDC can be used to achieve better tuning range.  The 
calculations suggests that using 2 fingers has the lowest tuning range, which 
is 0.15GHz. Using 9 fingers and 5 have the largest and second largest tuning 
range, which are 0.29GHz and 0.28GHz, respectively. IDC with 4 fingers has 
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the third largest tuning range of 0.24GHz. The calculation of other number of 
IDC fingers shows a highest of 0.18GHz, and these fingers are not considered 
to be designed as the fingers with larger tuning range have been found. Since 
the tuning range of 4 fingers is only 0.05GHz smaller than the largest tuning 
range of 9 fingers, it is possible that the tuning range of 4 fingers can be 
maximized with optimization. IDC with 4 fingers is also a simple structure to 
start to better understand how this type of structure responds in the lumped 
element modelling and full wave simulation. Therefore, tunable LC resonators 
using IDC with 4 fingers is first designed. 
 
6.2 Tunable LC Resonator Using IDC with Four Fingers  
 
The design starts with IDC using four fingers, as shown in Figure 6.4. It uses 
the inverted microstrip structure where feed lines and the resonator structures 
are connected through metallic vias, shown as the white hole in Figure 6.4. It 
uses the equivalent circuits in Figure 6.1(b). W and L are the width and length 
of structure, w is the width of fingers, b is the width of the inductive loops, g is 
the gap between fingers, l is the length of central plate. The dimensions using 
the empirical equations are shown in Table 6.1. 
  
Figure 6. 4 ELC using interdigital capacitors 
 
L W b l w g 
14 14 0.5 4 0.5 0.3 
Table 6. 1 The dimensions after empirical equations 
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6.2.1 First Optimization Using ADS 
 
As stated in the proposed design method, the first stage of the design is the 
lumped element modelling. In the lumped element simulation using ADS, it is 
important to find out how the changes in different dimensions affect the 
resonant frequency and the tuning range. As the aim of using IDC is to 
increase the capacitance while keeping the inductance, the length L and the 
width W are kept unchanged. The optimization focuses on the dimension 
affecting the capacitances, which are the width w of the IDC, the length l of the 
IDC, and the gap g between the IDC fingers.  
 
Width 
of IDC 
w/mm 
Tunability Length of 
IDC l/mm 
Tunability Gap of IDC 
g/mm 
Tunability 
0.2 6% 2 10.5% 0.1 9.8% 
0.3 7.5% 3 12.3% 0.2 11.1% 
0.4 9% 4 11% 0.3 10% 
0.5 11% 5 10.3% 0.4 9.9% 
0.6 8.9% 6 10.5% 0.5 8.9% 
Table 6. 2 Results when changing width of the resonator 
 
Based on the fabrication consideration and coupling issues, the width w of the 
IDC is chosen to change from 0.2mm to 0.6mm, l is chosen to change from 
2mm to 6mm and the gap g changes from 0.1mm to 0.5mm. Table 6.2 shows 
the summary of the tunability with changing each dimensions and Figure 6.5 
shows the comparison of the resonant frequency with changing each 
dimensions. 
 
For changing the width w of IDC, as can be seen from Table 6.2, the biggest 
tuning range is achieved when the width is 0.5mm. The Figure 6.5(a) shows 
that the tuning range is 0.24GHz, and it corresponds to a tunability of 11%. 
With increasing the width w of IDC, the resonant frequency gradually increases. 
For the switched state, the resonant frequency has greater increase from 
0.4mm to 0.6mm. For the unswitched state, the greater increase happens 
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when changing the width from 0.2mm to 0.5mm. Therefore, in the optimization 
process, the width of IDC changes should concentrate from 0.3mm to 0.6mm 
to generate larger tuning range.  
 
Figure 6.5(b) shows that when the length l of IDC is 3mm, it has the largest 
tuning range of 260MHz, and 210MHz is the smallest tuning ranges when 
using length of 5mm and 6mm, which corresponds to the tunablity of 12.3% 
and 10.3%, respectively, shown in Table 6.2. The difference between the 
largest and smallest tuning range is 50MHz, which is not a big change. The 
increase in the resonant frequency is nearly flat. As for the tuning range, there 
is small changes in the tuning range, and it means that changing the length l 
of the IDC changes the resonant frequency but it does not affect the tuning 
range very much. 
 
Figure 6.5(c) shows the results from changing the gap g between IDC fingers. 
The largest tuning range 0.27GHz is achieved when the gap is used 0.2mm, 
and the smallest tuning range is 0.2GHz when gap is 0.5mm. The discrepancy 
for the tuning range is 0.07GHz, and it means that changing the gap does not 
change the tuning range very much. Figure 6.5(c) shows the trend of the 
resonant frequency when changing the gap between IDC, and it shows the 
resonant frequency and tuning range are more sensitive when the gap g is 
from 0.2mm to 0.4mm. Therefore, in the second optimization using CST, the 
gap is varied from 0.2mm to 0.4mm. 
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(a) 
 
(b) 
 
(c) 
Figure 6. 5 Comparison of the resonant frequency with (a) different widths w of IDC 
(b) different length l of IDC (c) changing gap g between IDC 
 
The first optimization using ADS is conducted after understanding the 
influences of the each dimensions, and it suggests that with the dimensions 
shown in Table 6.3, the working frequency is adjusted to 2.4GHz and the 
tuning range is 270MHz.  
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L W b l w g 
14 14 0.5 3.5 0.3 0.25 
Table 6. 3 Dimension of the IDC after first optimization using ADS 
 
6.2.2 Second Optimization and Full Wave Simulation Using CST 
 
The next stage as previously is to take the optimised values from ADS and 
build a model for simulation in CST, and it is shown in Figure 6.6. As can be 
seen from Figure 6.6, the IDC structure and feed lines are patterned on two 
different sides of the substrate and are connected through metallic vias. The 
substrates supporting the feed lines, IDC structures and ground plane are 
shown as the outlines.  
 
 
Figure 6. 6 3D structure of the IDC using four fingers 
 
The full simulation is run with CST and it shows the results of 2.45GHz at 
unswitched state and 2.11GHz at switched state using 𝜀||  along x and z 
direction as shown in Figure 6.6. These results are then compared with the 
simulation results from ADS, which are 2.4GHz and 2.13GHz, respectively. 
The discrepancy between the CST and ADS results are 50MHz and 20MHz, 
which corresponds to the discrepancy of 2% and 0.9%. Since the discrepancy 
is small, there is good agreement between the ADS and CST results, which 
also proves the equivalent circuits for this structure is correct.  
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Figure 6. 7 The electric field at resonant frequency 
 
In order to figure out which components in the IDC structures have higher 
intensity of electric field, the electric field at resonant frequency is observed 
and shown in Figure 6.7. It can be clearly seen that the IDC element has the 
stronger electric field, the orange and red colours show higher intensity. 
Therefore, the strong electric field at capacitive element also indicates that the 
first optimization using ADS focuses on the capacitive elements is reasonable.  
 
In the second optimization, the length l of the IDC, the width w of the IDC and 
gap g between the IDC fingers are optimized. It starts with changing the width 
w of the IDC. The width is chosen to be changed from 0.3mm to 0.6mm, which 
is based on the analysis of first optimization stated above. Figure 6.7(a) shows 
the resonant frequency with changing the width w of IDC from 0.3mm to 
0.6mm. As can be seen from Figure 6.8(a), the resonant frequency increases 
from 2.36GHz to 2.49GHz when increasing the width of IDC from 0.3mm to 
0.6mm. The frequency change is 0.13GHz when changes the width of 0.3mm. 
Therefore, when optimizing small range of frequency, changing the width w is 
preferred. The length l is then optimized with CST and it changes from 2mm 
to 6mm. Figure 6.8(b) shows the CST results with changing the length of IDC. 
It can be seen from the Figure 6.8(b) that with increasing the length l from 2mm 
to 6mm, the resonant frequency increases from 2.37GHz to 2.56GHz, which 
shows an increase of 0.19GHz. When the length is 4mm, it has the slightly 
higher return loss of -21.5dB. Based on the first optimization of the gap g using 
ADS, the gap g is investigated with changing gap from 0.1mm to 0.4mm. 
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Figure 6.8(c) shows the resonant frequency with changing the gap g between 
IDC fingers. The resonant frequency increases from 2.37GHz to 2.48GHz as 
increasing the gap g from 0.1mm to 0.4mm, which corresponds to a frequency 
change of 110MHz. The simulation results from changing the length l and the 
gap g shows that the resonant frequecy is sensitive to the changes. Therefore, 
high resolution masks are needed to fabricate the structure.   
 
(a) 
 
(b) 
 
(c) 
Figure 6. 8 The resonant frequency with (a) changing width w of IDC (b) changing 
length l of IDC (c) changing gap g between IDC 
131 
 
 
L W b l w g 
14 14 0.5 4 0.35 0.2 
Table 6. 4 Dimension of the IDC after first optimization using ADS 
 
Based on the second optimization of each dimensions, the working frequency 
is adjusted to 2.4GHz with the dimensions shown in Table 6.4. The full wave 
simuation is performanced with the final dimensions after second optimization. 
The LCs are aligned along x for the unswitched state and along z for the 
switched state, where x and z direction are shown in Figure 6.6. As can be 
seen from Figure 6.9, the resonant frequency shifts from 2.4GHz to 2.12GHz 
when LCs are switched from unswitched state to switched state. The tuning 
range is 280MHz and it corresponds to a tunability of 13.2%. The return loss 
changes from -15.5dB to -17dB, and the insertion losses are -1.5dB to -1.3dB 
when LCs switch from along x to along z.   
 
 
Figure 6. 9 Full wave simulation with final dimension after second optimization using 
CST 
 
6.3 Tunable LC Resonator Using IDC with 5 Fingers 
 
IDC with 5 fingers from the initial calculation has the second largest tuning 
range, therefore, IDC with 5 fingers needs to be designed so that it can be 
optimized to achieve even larger tuning range, as shown in Figure 6.10. Based 
on the equation 6-1, if keeping all the dimensions the same value, IDC with 5 
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fingers has bigger capacitance than IDC with 4 fingers. If IDC with 4 fingers 
and 5 fingers have the same capacitance, the dimensions for IDC with 5 
fingers, namely l, w, and g,  are smaller than the value in IDC with 4 fingers. 
IDC with 5 fingers also use the equivalent circuit shown in Figure 6.1(b), as 
increasing the fingers affects the value for capacitance and inductance, but it 
does not change the equivalent circuit.    
 
 
Figure 6. 10 Structure of IDC with 5 fingers 
 
6.3.1 First Optimization Using ADS 
 
In the previous section, the influences to the resonant frequency with varying 
the dimensions of the IDC for 4 fingers have been studied. Whether increasing 
the fingers of IDC has the similar influence for the resonant frequency when 
changing the dimensions of IDC needs to be found out in the ADS. Table 6.5 
shows the dimensions using empirical equations to design the tunable 
resonators using IDC with 5 fingers to work at 2.4GHz. 
 
L W b l w g 
14 14 0.5 4.5 0.4 0.15 
Table 6. 5 The dimensions using empirical equations for IDC with 5 fingers 
 
Under the consideration the resolution of fabrication and minimizing the effect 
of coupling to inductive loops, the width w of the IDC is chosen to vary from 
0.2mm to 0.6mm, the length l of the IDC is varied from 2mm to 6mm with a 
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step of 0.5mm, and the gap g between IDC fingers, and it is chosen to change 
from 0.1mm to 0.5mm. 
 
Width of 
IDC w 
/mm 
Tunability Length of 
IDC l /mm 
Tunability Gap of 
IDC g 
/mm 
Tunability 
0.2 11.7% 2 11.7% 0.1 13% 
0.3 10.4% 2.5 12.2% 0.15 15.1% 
0.4 13.3% 3 11.9% 0.2 15.5% 
0.5 10.5% 3.5 12.8% 0.25 15.9% 
0.6 8.4% 4 15.1% 0.3 12.6% 
  4.5 13.3% 0.35 11.7% 
  5 13.7% 0.4 9.6% 
  5.5 12.6% 0.45 7.6% 
  6 11.9% 0.5 6.2% 
Table 6. 6 Results of tunability when changing dimensions of the IDC 
 
For changing the width w of IDC, as can be seen from the Table 6.6, when the 
width is 0.4mm, it has the highest tunability of 13.3%, and when the width is 
0.6mm, the lowest tunability is 8.4%. As can be seen from Figure 6.11(a), the 
tuning range is varied when changes the width w of IDC. More specifically, 
with increasing the width of IDC from 0.2mm to 0.6mm, the tuning range first 
increases from 0.2mm to 0.4mm followed by decreasing from 0.4mm to 0.6mm, 
where the highest tuning range is 0.28GHz and the lowest tuning range is 
0.19GHz. While in the first optimization of IDC using 4 fingers, the tuning range 
gradually increases from 0.2mm to 0.5mm, and decreases from 0.5mm to 
0.6mm. The difference in the tuning range suggests that it is necessary to run 
the ADS simulation for IDC with 5 fingers, since the tuning range behaves 
differently with different numbers of fingers. All the ADS simulation results for 
both IDC with 4 fingers and 5 fingers shows that with increasing the width of 
IDC, the resonant frequency increases.  
 
134 
 
Figure 6.11(b) shows the comparison of the resonant frequency with changing 
the length l of IDC. As can be clearly seen from the Figure 6.11(b), with 
increasing the length of IDC, the resonant frequency increases from 2.19GHz 
to 2.46GHz for 𝜀 = 2.72 and 1.96GHz to 2.18GHz for 𝜀 = 3.17. The highest 
tuning range is 0.31GHz when using the length of 4mm, and the lowest tuning 
range is 0.23GHz when using 2mm as the length of IDC, which corresponds 
to a tunability of 15.1% and 11.7%, as shown in Table 6.6. The difference 
between the highest tuning range and the lowest tuning range is 80MHz, and 
changing the length l from 2.5mm to 5.5mm shows larger tuning range.  
 
Figure 6.11(c) shows the comparison of changing gaps g between IDC. As 
can be seen from Figure 6.11(c), with increasing the gap g, the resonant 
frequencies for using both isotropic values of LCs increase, and the resonant 
frequencies using 𝜀 = 3.17 have greater increase. As for the tuning range, it 
can be clearly seen from Figure 6.11 (c), the tuning range with gap g more 
than 0.4mm is smaller, which shows the lowest tuning range is 0.15GHz with 
a tunability of 6.2% with gap g of 0.5mm. When gap g is 0.25mm, it has the 
highest tuning range of 0.33GHz and it corresponds to a tunability of 15.9%, 
as shown in Table 6.6. Since the largest tuning range is more than double of 
the lowest tuning range, in the second optimization with CST, the gap g 
between IDC fingers are not chosen to beyond 0.4mm.  
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(a) 
 
(b) 
 
(c) 
Figure 6. 11 Comparison of resonant frequency with (a) changing width w of IDC (b) 
changing length l of IDC (c) changing gaps g between IDC 
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After understanding the influences of each dimensions to the resonant 
frequency, the ADS simulation is used to adjust the working frequency and 
tuning range. The optimization using ADS achieves the working frequency of 
2.4GHz and a tuning range of 0.33GHz with the dimensions shown in Table 
6.7.   
 
L W b l w g 
14 14 0.5 4 0.3 0.25 
Table 6. 7 The dimensions after first optimization using ADS 
 
6.3.2 Second Optimization Using CST 
 
The dimensions in Table 6.7 are used to build the 3D model of IDC with 5 
fingers in CST, and it is shown in Figure 6.12. As can be seen from Figure 
6.12, the substrate is shown in brown colour and the top substrate is chosen 
to be transparent to show the resonator structure. The resonator structure is 
shown as the yellow colour, and feed lines are on the other side of the 
substrate and are connected to the resonator through the metallic vias. The 
material used for the substrate is the same as previous section. The full wave 
simulation using CST suggests that the resonant frequencies are 2.46GHz at 
unswitched state and 2.15GHz at switched state, where LCs are aligned along 
x to represent unswitched state and along z to represent switched state, 
respectively. Compared with the results from lumped element modelling using 
ADS, the discrepancies are 60MHz at unswitched state and 20MHz at 
switched state. The small discrepancies of 2.1% at unswitched state and 1% 
at switched state ensure that the equivalent circuit used in the ADS simulation 
is correct.  
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Figure 6. 12 3D model of IDC with 5 fingers in CST 
 
The next stage is to figure out whether using 5 fingers has the same effect to 
the resonant frequency as 4 fingers in the CST, which also involves changing 
the dimensions of width w of the IDC, length l of the IDC and gap g between 
IDCs. It start with changing the width w of the IDC from 0.2mm to 0.5mm, as 
the first optimization using ADS shows that in this range, it has larger tuning 
range. Figure 6.13(a) shows the resonant frequency at unswitched state with 
changing the width of IDC from 0.2mm to 0.5mm. It can be seen that with 
increasing the width of IDC, the resonant frequency increases from 2.3GHz to 
2.42GHz.  An increase of 0.12GHz in the resonant frequency at unswitched 
state is achieved while it is slightly smaller than the increase of 0.15GHz in 
ADS simulation. The length l of IDC is then optimized with CST, and it varies 
from 2.5mm to 5.5mm based on the first optimization results in ADS.  
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(a) 
 
(b) 
 
(c) 
 
Figure 6. 13 Resonant frequency with (a) changing width w of IDC at unswitched 
state (b) changing length l of IDC at unswitched state (c) with changing gaps 
between IDC at both states 
 
139 
 
Figure 6.13(b) shows the resonant frequency with different length of IDC. The 
resonant frequency increases from 2.25GHz to 2.45GHz with increasing the 
length of IDC from 2.5mm to 5.5mm at unswitched state. The changes in 
length l of IDC in both ADS and CST simulation indicates that changing length 
of IDC does not affect the tuning range very much. The gap g between IDC 
fingers is the last to be optimized with CST, and it is chosen to be changed 
from 0.1mm to 0.4mm, as the first optimization in ADS suggests that beyond 
4mm the tuning range is too small. Therefore, the simulation results of 
changing gap between IDC fingers using CST are shown in Figure 6.13. As 
can be seen from Figure 6.13(c), the tuning range varies when changing the 
gaps g between IDC. It shows higher tuning range when changing the gap 
from 0.15mm to 0.35mm, and it has the highest tuning range of 0.32GHz at 
0.25mm of the gap. Considering both ADS and CST optimization results, the 
tuning range is more sensitive to the changes in gap g between IDCs.  
 
Based on the optimization of the three dimensions, the optimization is carried 
to achieve the working frequency of 2.4GHz and the largest tuning range. 
Table 6.8 shows the final dimensions after optimization.  
 
L W b l w g 
14 14 0.5 3.5 0.3 0.2 
Table 6. 8 The dimensions after first optimization using CST 
 
The final dimensions are then used to perform the full wave simulation using 
CST to show the working frequency and tuning range. Figure 6.14 shows the 
results of resonant frequency at unswitched and switched state. The resonant 
frequency shifts from 2.4GHz to 2.07GHz from unswitched state to switched 
state, and the tuning range is  0.33GHz which corresponds to a tunability of 
16%. The return loss is -15.5dB for unswitched state and -18dB for switched 
state. The insertion loss is higher than -2dB in the frequency range. Compared 
with the tuning range of 0.28GHz for IDC with 4 fingers, IDC with 5 fingers has 
higher tuning range. Compared with the highest tuning range of 0.29GHz from 
using empirical equations, the optimized tuning range is 0.33GHz, which is 
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higher than the highest tuning range from empirical equations and proves the 
neccessity of optimizing the IDC with 5 fingers.    
 
 
Figure 6. 14 Resonant frequency at unswitched and switched state 
 
6.4 Tunable LC Resonator Using IDC with 9 Fingers 
 
Based on the initial calculation of the resonant frequency and tuning range 
using empirical equations, IDC using 9 fingers has the largest tuning range of 
0.29GHz. Therefore, IDC with 9 fingers needs to be designed and optimized 
to have larger tuning range.   
 
Figure 6. 15 IDC with 9 fingers 
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Figure 6.15 shows the IDC using 9 fingers. The initial calculation for the 
dimensions of this structure is shown in the Table 6.9 as the before value. The 
lumped element modelling using ADS suggests that the resonant frequency 
shifts from 2.44GHz to 2.15GHz from unswitched state to switched state, and 
the tuning range is 0.29GHz. Since the optimization for the IDC with 9 fingers 
is the same process as previous section and the same parameters for the IDC 
elements are optimized, the first optimization is not described in detail. The 
resonant frequencies after first optimization are 2.4GHz for 𝜀 = 2.72  and 
2.10GHz for 𝜀 = 3.17, and it corresponds to a tuning range of 300MHz. The 
dimensions after the first optimization is shown as the after value in Table 6.9.  
 
 L W b l w g 
Before 14 14 0.5 3 0.25 0.15 
After 14 14 0.5 3.5 0.35 0.1 
Table 6. 9 The dimensions after first optimization using ADS 
 
The dimensions after first optimization are then used to build the 3D model in 
CST as shown in Figure 6.16 to find out the resonant frequency and tuning 
range in the full wave simulation. As can be seen from the 3D model, the feed 
lines and the resonator structure are patterned on two sides of the substrate, 
and they are connected through metalic vias. The blue region is the LC cavity. 
Two dielectric substrates are chosen to be transparent so that the resonator 
structure can be seen in the figure.  
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Figure 6. 16 3D structure of IDC with 9 fingers 
 
Width of 
IDC w 
/mm 
Tunability Length of 
IDC l /mm 
Tunability Gap of IDC 
g /mm 
Tunability 
0.2 11.7% 2 11.2% 0.1 15.1% 
0.3 14.4% 2.5 14.2% 0.15 14.7% 
0.4 13.5% 3 15.9% 0.2 14.5% 
0.5 13.1% 3.5 15.8% 0.25 14.2% 
0.6 12.4% 4 15.1% 0.3 13.6% 
  4.5 14.3% 0.35 12.7% 
  5 13.7% 0.4 11.6% 
  5.5 12.2% 0.45 9.8% 
  6 11.5% 0.5 9.2% 
Table 6. 10 Summary of how each dimensions influences the tuning range for IDC 
with 9 fingers 
 
With the dimensions from ADS optimization, the resonant frequencies using 
CST are 2.45GHz and 2.16GHz, and the tuning range is 0.29GHz, which is 
slightly smaller than the tuning range in ADS. The comparison between ADS 
and CST simulation results suggests that the biggest discrepancy is 0.06GHz 
(2.7%), and it can be seen to have good agreement between ADS and CST 
results. In order to adjust the working frequency to 2.4GHz and optimize to 
have the largest tuning range, the second optimization is carried out by varying 
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the dimensions of the width w of the IDC, the length l of the IDC and the gap 
g between IDC, and the results are summarized in Table 6.10. With the 
understanding how each dimensions influences the resonant frequency and 
tuning range, the CST is then used to optimize the working frequency to 
2.4GHz at unswitched state, and the largest tuning range is achieved with the 
dimensions shown in Table 6.11. 
 
L W b l w g 
14 14 0.5 3 0.3 0.1 
Table 6. 11 Final dimension after second optimization 
 
 
Figure 6. 17 Resonant frequency at unswitched state and switched state 
 
The dimensions in Table 6.11 are used to update the 3D model and used to 
run the full wave simulation to show the working frequency and final optimized 
tuning range. The CST simulation results with the final optimized dimensions 
can be seen from Figure 6.17. The resonant frequency shifts from 2.4GHz at 
unswitched state to 2.05GHz at switched state, and it corresponds to a tuning 
range of 350MHz and a tunability of 16.6% The return loss is -21.5dB at 
unswitched state and -19.5dB at switched state, while the insertion loss is less 
than -3dB at both states. The 3dB bandwidth remains constant at both states. 
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The bandpass resonator has the largest tuning range among the simulated 
IDC with 4, 5 and 9 fingers, and it needs to be fabricated and measured.  
 
6.5 Measurement of Tunable LC Resonators Using IDCs at 2.4GHz 
 
6.5.1 Measurement for Tunable LC Resonators Using IDC with 4 Fingers 
 
Figure 6.18 shows the photo of fabricated resonator using IDC with 4 fingers. 
As can be seen from the Figure 6.18, the dielectric substrate is Rogers Duroid 
5880, and the resonator structure is patterned using copper. The silver color 
shown in this figure is the conductive paste to connect the resonator structure 
and the feed lines on the other side. The detailed dimensions for the substrate 
and copper are shown in Table 6.12. 
 
 
Figure 6. 18 The photo of fabricated IDC with 4 fingers 
 
Component Material Thickness (mm) 
Microtrip line 
substrate/Ground plane 
substrate 
Rogers Duroid 5880 0.79 
Microstrip line and 
ground plane 
Copper 0.035 
Spacer Roger s Duroid 5880 0.13 
Liquid Crystals Merck E7 0.13 
SMA connector 0-18GHz to use  
Table 6. 12 The dimensions for the component to build the device 
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The patterned resonator is then assemble using the assembly methods stated 
in Chapter 3 and is also measured under the measurement setup in Chapter 
3. The external bias voltage uses AC voltage from 0V to 16V with a step of 
0.5V. Figure 6.19 shows the measured resonant frequency with changing the 
applied voltage. As can be seen from the Figure 6.19, the resonant frequency 
shifts from 2.38GHz to 2.15GHz when the bias voltage varies from 0V to 16V. 
The tuning range is 0.23GHz and it corresponds to a tunability of 10.7%. The 
return loss moves from -22.3dB to -19.8dB, which shows a slight decrease 
when increasing the bias voltage.  
 
 
Figure 6. 19 The resonant frequency with changing the voltage 
 
 
Figure 6. 20 The resonant frequency as a function of bias voltage 
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Figure 6.20 shows the resonant frequency as a function of the bias voltage. It 
can be clearly seen that with increasing the bias voltage, the resonant 
frequency drastically decreases from 2.38GHz to 2.17GHz when the applied 
bias voltage changes from 0V to 8V. After 8V, there is slightly decrease for the 
resonant frequency, which decreases from 2.17GHz to 2.15GHz.   
 
 
Figure 6. 21 Comparison of resonant frequency between simulated and measured 
results 
 
The simulated and measured results of resonant frequency are compared in 
Figure 6.21. As can be seen from Figure 6.21, the resonant frequency at 
unswitched state is 2.4GHz and 2.38GHz when the bias voltage is 0V. The 
discrepancy in resonant frequency between simulated and measured is 
0.02GHz (0.8%), which means a good agreement between the simulated and 
measured results at unswitched state. The resonant frequency at switched 
state is 2.12GHz and the measured results at 16V is 2.15GHz, which 
corresponds to a discrepancy of 0.03GHz (1.5%). The resonant frequencies 
at both switched and unswitched state have good agreement, as the 
discrepancies are small, which are 0.8% and 1.5%, respectively. The FBW of 
the measured results are 19% at 0V and 26% at 16V, while the FBW is 14% 
at unswitched state and 19% at switched state. The discrepancies are 5% and 
7% between measured and simulated results at unswitched and switched 
state. The discrepancies are slight higher, but it is acceptable. If the 
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discrepancies are much higher, a methodology to control the constant FBW 
needs to be proposed.  
 
6.5.2 Measurement for Tunable LC Resonator with IDC Using 5 Fingers 
 
 
(a) 
 
(b) 
Figure 6. 22 (a) Fabricated IDC with 5 fingers (b) Feed lines on the other side 
 
The IDC with 5 fingers is fabricated with the etching process stated in Chapter 
3, and the fabricated structure is shown in Figure 6.22 (a). Figure 6.22 (b) 
shows the feed lines on the other side, and feed lines and resonator structure 
are connected by conductive paste shown as the silver in Figure 6.22 (a).  
 
This IDC with 5 fingers is then assemble using the proposed method and 
measured using the measurement setup stated in Chapter 3. Figure 6.23 
shows the measured results of resonant frequency with changing the bias 
voltage from 0V to 16V. As can be seen from Figure 6.23, the resonant 
frequency shifts from 2.37GHz to 2.10GHz when varies the external bias 
voltage from 0V to 16V. The tuning range is 270MHz and the tunability is 
12.8%. The return losses are -15.5dB at 0V and -16.4 dB at 16V.  
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Figure 6. 23 Resonant frequency at different bias voltage 
 
Figure 6.24 shows the resonant frequency as a function of the external bias 
voltage. After the threshold voltage of 0.5V, the LCs start to switch from 
unswitched state to switched state, and the resonant frequency gradually 
decreases as the bias voltage increases. After 8V, the voltage reaches the 
saturation voltage and the resonant frequency does not change very much 
after this voltage.  
 
 
Figure 6. 24 Resonant frequency as a function of bias voltage for IDC with 5 fingers 
 
The comparison between the simulated and measured results of the resonant 
frequency is shown in Figure 6.25. As can be seen from Figure 6.25, the 
resonant frequency at unswitched state is 2.4GHz and 2.37GHz when the bias 
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voltage is 0V. It corresponds to a discrepancy of 0.03GHz (1.2%), where a 
good agreement between simulated and measured results at unswitched state 
is achieved. As for the switched state, the resonant frequency is 2.07GHz and 
the measured resonant frequency at 16V shows 2.10GHz, where the 
discrepancy between them is 0.03GHz (1.4%). Therefore, with the small 
discrepancies of 1.2% and 1.4%, the simulated and measured results have 
good agreements for the resonant frequency at both unswitched and switched 
state. The FBW for the simulation is 12.9% at unswitched state and 16.4% at 
switched state, while the measured FBW is 16% at 0V and 14.3% at 16V. The 
comparison of FBW at unswitched and 0V shows a discrepancy of 3.1% and 
2.1% for switched state and 16V. As the discrepancies in both resonant 
frequency and FBW is small, the good agreement is achieved between 
simulated and measured results.  
 
 
Figure 6. 25 Comparison between simulated and measured results for IDC with 5 
fingers 
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6.5.3 Measurement for the Tunable LC Resonator Using IDC with 9 
Fingers 
 
  
Figure 6. 26 Fabricated IDC with 9 fingers 
 
The tunable resonator using IDC with 9 fingers is also fabricated and shown 
in Figure 6.26. It uses the material stated in Table 6.12 to build the fitler. 
 
This tunable resonator using IDC with 9 fingers is assembled and measured 
using the standard the process developed in Chapter 3. The measured results 
of the resonant frequency is shown in Figure 6.27, where the resonant 
frequency is plotted as a function of changing external bias voltage. The 
resonant frequency moves from 2.39GHz to 2.08GHz when the bias voltage 
is changed from 0V to 16V. The tuning range for IDC with 9 fingers is 0.31GHz 
and it corresponds to a tunability of 14.9%, which is the largest tuning range 
among the three fabricated devices. The return loss is -21dB at 0V and -20dB 
at 16V.  
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Figure 6. 27 Resonant frequency with changing bias voltage for IDC with 9 fingers 
 
 
Figure 6. 28 Resonant frequency as a function of bias voltage 
 
Figure 6.28 shows the resonant frequency when the bias voltage is changed 
from 0V to 16V with a step of 0.5V. As can be seen from Figure 6.28, after the 
threshold voltage of 0.5V, the resonant frequency starts to gradually decrease 
from 2.39GHz to 2.10GHz. When the voltage reaches 8V, there is very small 
decrease in the resonant frequency, where the resonant frequency changes 
from 2.10GHz to 2.08GHz with the bias voltage increasing from 8V to 16V. 
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Figure 6. 29 Resonant frequency as a function of bias voltage 
 
Figure 6.29 shows the comparison between simulation and measured results 
at both unswitched and switched state. The resonant frequencies are 2.4GHz 
and 2.39GHz at unswitched state and 0V, respectively. The resonant 
frequency for the switched state is 2.05GHz and the corresponding measured 
result at 16V is 2.08GHz. The discrepancies are 0.01GHz and 0.03GHz are 
unswitched and switched state, and the discrepancies prove there are good 
agreements for the resonant frequency at both unswitched and switched state. 
As for the FBW, it is 17% at unswitched state and 21% at 0V, while it is 24% 
at switched state and 25% at 16V. The discrepancy of FBW is 4% at 
unswitched state and 1% at switched state. With the small discrepancies in 
both resonant frequency and FBW, there is good agreement between 
simulated and measured results. 
 
6.6. Microstrip Tunable LC Resonator Using IDC for 5 GHz  
 
Tunable resonator using IDC at 2.4GHz has been studied and they have 
shown good performance at 2.4GHz. There are two channels for WiFi, one is 
2.4GHz and the other channel is 5GHz, which has been investigated with ELC 
resonators in Chapter 5. Since using IDCs can achieve more capacitance then 
ELC resonators, it means that the length of inductive loops can be reduced 
and the size reduction can be realized with using IDCs. Therefore, tunable 
resonators using IDCs are designed at 5GHz to realize size reduction.  
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6.6.1 First Optimization with ADS 
 
The resonator is designed and calculated using the methods and equations 
stated in Section 6.1. Based on fabrication considerations, such as the 
constraints of total area available for the resonator and the minimum of gap 
between electrodes, the fingers used are chosen from 4 fingers to 11 fingers, 
and the length and width of the resonator is chosen not to be less than 10mm. 
The tunable resonators using IDC with different fingers are designed to work 
at 5GHz and they are calculated using the empirical equations, which were 
completed using Matlab to generate the dimensions for the resonator. The 
comparison of the simulated results among different IDC fingers is shown in 
Table 6.13. As can be seen from Table 6.13, the largest tuning range is 
achieved when the number of fingers is 9. The results shows that the resonant 
frequency shifts from 5.51GHz to 5.03GHz when the (scalar) permittivity 
changes from 2.72 to 3.13, and the tuning range is 480MHz. Therefore, the 
IDC with 9 fingers is designed to work at 5GHz. 
  
IDC with 
fingers 
Resonant 
frequency 
(GHz) at (𝜀 =
2.72) 
Resonant 
frequency 
(GHz) at (𝜀 =
3.17) 
Tuning range 
(MHz) 
Tunability 
4 5.42 5.01 410 8.3% 
5 5.46 5.02 440 8.7% 
6 5.43 5.03 400 7.9% 
7 5.45 5.04 410 8.1% 
8 5.47 5.02 450 8.9% 
9 5.51 5.03 480 9.5% 
10 5.45 5.01 440 8.7% 
11 5.43 5.04 390 7.7% 
Table 6. 13 Comparison of the simulation results of different IDC fingers using ADS 
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(a) 
 
(b) 
 
(c) 
Figure 6. 30 The comparison of resonant frequencies for IDC with 9 fingers with(a) 
changing gap g  between IDCs   (b) changing width w of fingers (c) changing the 
length l of fingers 
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As stated in the previous sections, the optimization process focuses on the 
IDC element. Therefore, the length 𝑙, the width 𝑤 and the gap 𝑔 of the IDC are 
first optimized using ADS, and the results are shown in Figure 6.30. Figure 
6.30(a) shows the comparison of changing gap g, and it can be seen that the 
resonant frequencies are more sensitive at both unswitched and switched 
state when changes the gap from 0.2mm to 0.4mm, since more tuning range 
can be achieved. As for changing the width w of the IDC finger, Figure 6.30(b) 
indicates that from 0.2mm to 0.4mm, there are greater increase, which 
changes from 5.42GHz to 5.69GHz and 5.01GHz to 5.25GHz.  Figure 6.30(c) 
shows the resonant frequency as a function of changing length l of IDC fingers. 
The resonant frequency shifts from 5.44GHz to 5.68GHz and 5GHz to 
5.26GHz when changing the length l from 3mm to 5mm, and it corresponds to 
a change of 220MHz and 260MHz, respectively.  
 
The resonant frequency using the dimensions from empirical equations is 
5.51GHz, and it is close to the required working frequency of 5GHz. Therefore, 
based on the comparison above, slightly changes in the dimensions can 
achieve the required working frequency. After the first optimization using ADS, 
the required working frequency of 5GHz is achieved with the dimensions 
shown in Table 6.14. 
 
L W l w b g 
12 12 3.5 0.25 0.5 0.2 
Table 6. 14 Dimensions after first optimization using ADS 
 
6.6.2 Second Optimization with CST 
 
The dimensions in Table 6.14 are used to build the 3D model of the proposed 
tunable resonator using IDCs, and it is shown in Figure 6.31. The dielectric 
substrate Rogers 5880 (𝜀𝑟 = 2.20) with the thickness of 0.79 mm is used to 
support the inverted microstrip resonator elements and microstrip I/O ports. 
The feed line is placed on the upper side of the top substrate, and connected 
to the inverted microstrip on the inside using metalised vias with a diameter of 
0.4 mm to achieve impedance matching. Another Rogers 5880 dielectric layer 
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with a thickness of 0.13mm is used as a spacer and is patterned to form the 
LC cavity between the microstrip and the ground plane, which is final piece of 
Rogers 5880 substrate. The inner surfaces of both substrates have a thin 
polymer alignment layer deposited and a fill hole in ground plane substrate is 
used to flow the LC into the cavity after assembly. SMA connectors are used 
to connect the microstrip input to the resonator, and make it easier to integrate 
into other microwave systems. 
 
 
Figure 6. 31 3-D view of the inverted bandpass tunable resonator 
 
CST Microwave Studio is used as the electromagnetic wave simulator to verify 
the resonant frequency from the equivalent circuit analysis and guide the 
optimization process. As a LC is a uniaxial anisotropic material, three 
orientations of the unixial anisotropy were simulated, along x, y and z, shown 
in Figure 6.31. The orientations along x and y represent the unswitched LC 
along either of these directions defined using an alignment layer; for the 
simulation the permittivity is taken to be 𝜀𝑟‖  along x or y direction. If the 
orientation is along z, this corresponds to the switched LC when the LC 
director aligns with the applied voltage. So 𝜀𝑟‖ is in the z direction for the fully 
switched state and is taken to be uniformly aligned in this one direction. CST 
modeling shows that selecting x gives the maximum tuning range, as shown 
in Figure 6.34 later.  Also, since the direction of the unswitched state is 
imposed by the rubbing of the alignment layer, from the fabrication point of 
view it is clear that rubbing along x, which is the direction along the fingers of 
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the IDC, is more likely to produce an effective anchoring. 
 
 
Figure 6. 32 Simulated and theoretical resonant frequency versus 𝜀𝑟 
 
 
(a) 
 
(b) 
Figure 6. 33 Optimization dimensions with changing length, gap and width of IDC 
(a) changing gap and width (b) Comparison of changing length 
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In order to make sure the lumped element model is satisfactory, a comparison 
between the resonant frequencies from ADS simulations and from CST 
simulations is plotted versus 𝜀𝑟 in Figure 6.32, which uses the values for the 
device dimensions given in Table 6.14. The results from CST and ADS show 
a good agreement and the differences are within 1%. The small discrepancies 
between the theoretical and simulated resonant frequencies are due to the 
parasitic elements that are ignored in the analytical calculations with ADS.  
 
The next optimization stage of the design is using CST to maximize the tuning 
range as the permittivity ellipsoid is changed from along x to along z assuming 
the LC is homogeneous, as discussed above. The optimization involves 
keeping the inductive loop fixed and varying three of the dimensions of the 
IDC, the length 𝑙, the inter-electrode gap 𝑔 and the width 𝑤. The optimization 
starts by fixing the length 𝑙 from the dimensions shown in Table 6.14, and 
changing g and w. With fixed 𝑙  and considering the resolution limits of 
fabrication, the gap is changed from 0.05 mm to 0.25 mm with steps of 0.05 
mm, and width is changed from 0.1 mm to 0.5 mm with steps of 0.05 mm. The 
optimization shows that g = 0.2 mm and w = 0.3 mm give the largest tunability. 
Then, g and w are kept fixed and the length 𝑙 is changed with steps of 0.2 mm. 
With a length of 4 mm, the largest tuning range is achieved, with a tunability 
of 11%. The l is then varied with g and w found from the optimization, and the 
results confirm that the largest tuning is obtained with l equal to 4mm. The 
optimization results are shown in Figure 6.33. The final optimized dimensions 
of the proposed resonator are shown in Table 6.15. Compared with the size of 
tunable resonator s using ELC resonator at 5GHz, tunable resonator s using 
IDC with 9 fingers has a size reduction of 26.5%, which satisfies the aim of 
using IDC at 5GHz. 
 
L W l w b g 
12 12 4 0.3 0.5 0.2 
Table 6. 15 The dimensions after CST optimization 
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Before fabrication, modelling of the resonator with optimized dimensions was 
carried out to investigate the resonant frequency and tunability. It was found 
in Figure 6.34 that the resonant frequencies for alignment along x and y are 
similar, 5.52GHz and 5.49GHz respectively, and the chosen alignment along 
x made from the electric field and LC modelling, shows to be the better one 
since it has the slightly larger tuning range. Starting with alignment along x, 
the resonant frequency shifts from 5.52GHz to 4.97GHz on reorientation to the 
z-direction, as occurs with an applied voltage, and the fractional bandwith 
(FBW) are 11% and 9.6%, respectively. The frequency shift corresponds to a 
tuning range of 550MHz, and the tunability is 11%. The return losses at 
resonance are -23dB for the unswitched state and -21dB for the switched 
state, and the insertion losses are -0.82dB and -1.12dB respectively, shown in 
Figure 6.34. 
 
 
Figure 6. 34 Simulation results of insertion loss (S21) and return loss (S11) 
 
6.6.3 Fabrication of the Device 
 
Standard photolithography was used to fabricate the test resonator. The 
feedlines and the microstrip resonator structure on the dielectric layers were 
masked and etched. In order to form the cavity to contain the LC, the surfaces 
must be initially prepared. The top and bottom surfaces of the resonator were 
coated with a thin layer of polyvinyl alcohol (PVA) made by Sigma-Aldrich to 
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planarize and provide the anchoring and alignment of the LC. The layers were 
mechanically rubbed longitudinally (along x in Figure 6.31) to control the 
alignment of the surface anchoring, as is standard in the fabrication of LC 
devices. The alignment layers produce the correct orientation of the bulk LC 
in the absence of the bias voltage, and restore the original planar alignment 
after the voltage is removed. The device was filled with LC using a fine syringe 
through a small hole on the bottom layer. To examine the possibility of leakage 
or air bubbles with this procedure, a test cell with an ITO glass plate instead 
of the ground plane was made to allow observation of the filling process. This 
showed no leakage, and examination under a microscope showed the 
absence of air bubbles. 
 
6.6.4 Measurement of Tunable LC Resonator Using IDC with 9 Fingers 
 
The fabricated and assembled device and measurement setup is shown in 
Figure 6.35. The frequency response was measured using a Keysight E5071C 
network analyser. The input port of the resonator was connected to the 
analyser through a Bias-Tee. A 1 kHz voltage was used and measurements 
were taken with the biasing voltage amplitude varying from 0 V to 16 V in 0.5 
V steps. 
 
 
(a) 
 
(b) 
Figure 6. 35 (a) Fabricated and assemble device    (b) Measurement Setup for the 
experiment (from left: port1, bias-tee, resonator and port2) 
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(a) 
 
(b) 
Figure 6. 36 Measured S-parameters with changing bias voltage (a) Measured 𝑆11 
with different bias voltages (b) Measured 𝑆21 with different bias voltages 
 
Figure 6.36 shows the measured S-parameters with different bias voltages. 
The 𝑆11  measured at different bias voltages for the resonator is shown in 
Figure 6.36 (a). A clear shift in the resonant frequency is observed in the 
measured response, which indicates that gradually increasing the bias voltage 
gradually switches the LC and reorients it from the un-switched state. As 
shown in Figure 6.36(a), the resonant frequency is 5.51GHz and the FBW is 
8.3% with no bias voltage. By increasing the bias voltage, the LC directors 
start to re-orient from parallel (along the x direction) to perpendicular (along 
the z direction) to the electrodes. When the bias voltage achieves the 
saturation value, the LC is largely aligned perpendicular (along z) to the 
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electrodes. The central frequency goes to a minimum resonant frequency of 
5.01GHz with a FBW of 9.5%. Therefore, the tuning range is 500MHz, which 
corresponds to a tunability of 10%.  Figure 6.36 (b) indicates that changing the 
bias voltage, the insertion loss 𝑆21 changes from -1.5dB to -4.2dB.  
 
 
(a) 
 
(b) 
Figure 6. 37 (a) Centre frequency as a function of LC bias voltage (b) Measured 
insertion loss and return loss as a function of voltage 
 
Figure 6.37 shows the centre frequency, and the measured insertion and 
return losses as functions of the LC bias voltage. When a voltage is applied 
across an LC cell there is a threshold voltage before the LC starts gradually to 
re-orient itself to the applied field (Fréedericksz transition).For E7 this 
threshold is about 0.5 V and Figure 6.37(a) shows this behaviour for the centre 
frequency. After 0.5V, the central frequency decreases slowly and 
continuously for intermediate values between 0.5V to about 7V and there is 
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little change after that. When the bias voltage increases to more than 7V, the 
LC reaches a saturation state and most of the LC is oriented perpendicular to 
the electrodes. Figure 6.37(b) indicates that when the bias voltage increases 
from 0V to 16V, the return loss is bigger than 18dB and the insertion loss 
changes from -1.5dB to -4.2dB. The increases in the insertion loss can be 
attributed to the anisotropy of the loss tangent which is higher along the 
director [Chandrasekhar, 1992].  
 
Figure 6.38 shows the comparison of simulation results and measured results 
for the unswitched and switched states. As can be seen from Figure 6.38, the 
simulated and measured S11 show very good agreement in the unswitched 
state. However, the results show a small difference in the switched state, from 
4.97GHz for the simulation to 5.01GHz for the measured S11.  
 
 
Figure 6. 38 Comparison of Measured and Simulated 𝑆11 at unswitched and 
switched state 
 
To illustrate the reasons for this discrepancy, a finite element 3D modelling 
[Willman, 2007] is used to calculate the detailed LC director switching in the 
device. The director represents the average direction of the molecules in the 
LC and so shows the axis of the anisotropy. The CST simulation assumes a 
homogeneous anisotropic layer, but the reality is that the liquid crystals 
switches to a non-uniform structure. Figure 6.39 shows director profile of the 
switched seen that LC is not fully oriented in the cross-section of the device in 
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Figure 6.39(a). Furthermore, there is a narrow layer next to the alignment 
layers that will remain unswitched. The effective permittivity is found by 
summing the value of the permittivity along the field and in the switched state 
the value will be close to 𝜀𝑟‖ but lower. Figure 6.39(b) shows that beyond the 
edge of the electrodes, the LC is only partially switched contributing to a 
lowering of the effective permittivity for this region.  
 
 
(a) 
 
(b) 
Figure 6. 39 Orientation of LC directors shown with rods with applied voltage 
(background colour) at (a) region between electrodes (b) at the edge of the electrodes. 
The ground electrode covers the whole of the bottom surface. Ground plane is the 
bottom layer, and its size is 40×32mm. Top electrode is half of the IDC fingers, it is 
around 0.15mm. 
 
In order to provide a more accurate value for the effective permittivity, the LC 
director simulation results in the region between the electrodes and the ground 
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plane are used to calculate an approximate value of the effective permittivity 
𝜀𝑒𝑓𝑓. It could be seen from the CST simulation that the highest microwave field 
was in this region and only small fields were found between the electrodes and 
beyond the edges of the electrodes.  The effective permittivity was calculated 
by simply averaging the z-component of the dielectric constant. This was found 
to be 𝜀𝑒𝑓𝑓 = 3.12, which is slightly lower than 𝜀𝑟‖ for E7. The extracted value 
of 𝜀𝑒𝑓𝑓 is then used in the CST simulation and the new resonant frequency is 
4.99GHz with the FBW of 8.8%, and the insertion loss and return loss are -
1.17dB and -23.6dB, respectively. Compared with simulation using 𝜀𝑟‖ = 3.17, 
the new resonant frequency is closer to the measured 𝑆11 and shows more 
accurate agreement with the measured results.  
 
6.6.5 Comparison with Other Tunable Resonators Using LCs at 5GHz 
 
Performance comparisons of the proposed tunable resonators with other 
tunable resonators reported in the literature are summarized in Table 6.16. 
The comparison involves some characteristics that indicate the performance 
of the resonator, such as the centre frequency, FBW, tunability, insertion loss 
and return loss. As can be seen from Table 6.16, our work has better 
performance in narrower bandwidth, lower insertion loss, better return loss and 
the largest tunability.  
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Tunable  
LC 
devices 
Centre 
Frequen
cy 
(GHz) 
FBW Tunabilit
y 
Insertio
n Loss 
 (dB) 
Return 
Loss 
(dB) 
LC 
[18] 4-5 81.5%
-
86.4% 
7.3% 4.2-
4.0 
Unknow
n 
Unknow
n 
2.88-
3.26 
[19] 5 22% 6% 6-9 >7 Unknow
n 
2.4-3.2 
[24] 5 12.2%
-
12.6% 
4.8% 3-6 >18 Merck 
MDA-98-
1602 
2.62-
3.06 
[25] 5 41%-
50% 
6% >3 >10 K15 
2.72-2.9 
This 
work 
5 8.3%-
9.5% 
10% 1.5-
4.2 
>18 Merck 
E7 
2.72-
3.17 
 
Table 6. 16 Comparison with previous tunable resonators based on LC 
 
6.7 Conclusion 
 
In this chapter, the tunable resonator using IDC with different numbers of 
fingers are have been studied. Using IDCs can generate more capacitances 
and therefore can work at lower frequency without increasing the size of the 
resonator. In the first part of this chapter, the tunable LC resonator using IDCs 
are designed to work at 2.4GHz. Tunable LC resonator using IDC with 4, 5 
and 9 fingers are designed using the proposed general design method, and 
are optimized and fabricated. The tunable LC resonator using IDC with 4 
fingers shows a tuning range of 0.28GHz and a tunability of 13.2%. The 
tunable resonator using IDC with 5 fingers shows a tuning range of 0.33GHz 
and a tunablity of 16%. The tunable LC resonator using IDC with 9 fingers has 
the best performance among the three resonators, it has a tuning range of 
0.35GHz and a tunability of 16.6%. Compared with the tuning range from using 
empirical equations for the three resonators, the optimized simulation results 
all show increased tuning range. The comparisons between the simulated and 
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measured results for the three resonators show very good agreement in both 
the resonant frequency and bandwidth.  
 
In the second part of the chapter, the tunable LC resonators using IDC are 
also designed to work at 5GHz. Compared with the tunable ELC resonators, 
using IDCs can generate more capacitances and inductance can be 
decreased, thereby achieving a size reduction. The results from empirical 
equations also suggest that tunable LC resonator using IDC with 9 fingers has 
the largest tuning range. Therefore, the tunable resonator using IDC with 9 
fingers are designed, optimized and fabricated. The size for the optimized IDC 
with 9 fingers shows a size reduction of 26.5%, compared with ELC resonator 
working at the same frequency. The fabricated device is measured and shows 
a tuning range of 500MHz with a tunability of 10%, in good agreement with the 
predictions from CST. Accurate finite element modelling of the LC switching is 
used to explain the small discrepancy in measured and simulated 𝑆11 for the 
switched state. A more accurate value of the effective permittivity is estimated 
from the LC modelling and used in CST to give more accurate results that 
show a better agreement with the measured results. The comparison between 
this work and the literature shows that this resonator has narrower bandwidth, 
larger tunability, lower insertion loss and a better return loss.   
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Chapter 7 Tunable Ring Resonators Using LCs 
 
In the previous chapter, the tunable LC resonators using IDCs have been 
investigated. In this chapter, ring resonators are proposed, which are 
distributed resonators having narrowband and high selectivity. The microstrip 
ring resonators have been widely used as microwave resonators, couplers, 
oscillators and antennas [Sun, 2007], and they have the advantages of high 
quality factor, compact size and sharp rejection [Nakhlestani, 2013; Olokede, 
2017]. In this chapter, a tunable LC resonator using single ring resonator is 
designed to have narrow bandwidth and constant 3dB bandwidth.  
 
7. 1 Tunable LC Resonator using Single Ring Resonator 
 
7.1.1 Design Method for Single Ring Resonator 
 
Figure 7.1 shows the schematic view of the ring resonator. A small gap g is 
included between the ring and each feed line. The feed lines are designed to 
be 50Ω to achieve impedance matching 
 
Figure 7. 1 Schematic view of the ring resonator 
 
In order to design the ring resonator, the design method needs to be described. 
The analysis of ring resonator was first introduced by [Wolff, 1971], [Chang, 
1996] and [Yu, 1997] developed new method to synthesis ring resonator, 
where closed form expressions for the ring resonator are found. The single 
ring resonator shown in Figure 7.1 can be represented by using three separate 
circuit elements cascaded together, as shown in Figure 7.2. The feed lines are 
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not considered in the model because they are treated as lossless lines and 
matched to 50Ω. 
 
 
Figure 7. 2 Network circuit of planar ring resonator 
 
 [Yu, 1997] state that this gap is included to separate the resonant behavior of 
the ring from the feed network, and it slightly affects the resonant frequencies 
of the ring resonator but significantly affects the peak amplitudes of the 
scattering parameter of the device. Therefore, an equivalent lumped circuit is 
used to take these effects of coupling into account. The left and right coupling 
gaps of the resonator can be modelled by a parallel capacitance 𝐶𝑝 and a 
series capacitance 𝐶𝑔, as shown in Figure 7.3. 
 
Figure 7. 3 Equivalent lumped circuit for ring and coupling  
 
The capacitor values 𝐶𝑝 and 𝐶𝑔 are found by closed-form expressions of [Garg, 
1978] and then modified by [Yu, 1997]: 
 
𝐶𝑒𝑣𝑒𝑛(𝜀𝑟=9.6)
𝑊
= 12(
𝑔
𝑊
)𝑚𝑒𝑒𝑘𝑒                                                       7-1 
𝐶𝑜𝑑𝑑(𝜀𝑟=9.6)
𝑊
= 12(
𝑔
𝑊
)𝑚𝑜𝑒𝑘𝑜                                                        7-2 
where 
𝑚𝑒 = 0.8675, 𝑘𝑒 = 2.043 −
0.03
(
𝑊
ℎ
)
 0.1 ≤ 𝑔/𝑊 ≤ 0.5                                    7-3a 
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𝑚𝑒 =
1.565
(
𝑊
ℎ
)0.16
− 1, 𝑘𝑒 = 1.97 −
0.03
(
𝑊
ℎ
)
 0.5 ≤ 𝑔/𝑊 ≤ 1.0                                 7-3b 
𝑚𝑜 =
𝑊
ℎ
(0.619𝑙𝑜𝑔10
𝑊
ℎ
− 0.3853), ) 0.1 ≤ 𝑔/𝑊 ≤ 1.0                              7-3c 
𝑘𝑜 = (4.26 − 1.453𝑙𝑜𝑔10
𝑊
ℎ
  0.1 ≤ 𝑔/𝑊 ≤ 1.0                                          7-3d 
𝐶𝑒𝑣𝑒𝑛(𝜀𝑟) = 1.167𝐶𝑒𝑣𝑒𝑛(𝜀𝑟 = 9.6)(
𝜀𝑟
9.6
)0.9                                                     7-4 
𝐶𝑜𝑑𝑑(𝜀𝑟) = 1.1𝐶𝑜𝑑𝑑(𝜀𝑟 = 9.6)(
𝜀𝑟
9.6
)0.8                                                           7-5 
𝐶𝑝 =
𝐶𝑒𝑣𝑒𝑛(𝜀𝑟)
2
                                                                                              7-6 
𝐶𝑔 =
2𝐶𝑜𝑑𝑑(𝜀𝑟)−𝐶𝑒𝑣𝑒𝑛(𝜀𝑟)
4
                                                                               7-7 
 
W is the width of the feed line, g is width of the gap, h is the thickness of the 
feed line substrate and 𝜀𝑟  is the dielectric constant of the substrate, 
respectively.  
 
The input impedance of the ring resonator is obtained as [Yu, 1997] 
𝑍𝑟𝑖𝑛𝑔 =
1
𝑗𝜔𝐶𝑟𝑖𝑛𝑔
                                                                      7-8 
 
The capacitance of the ring is  
𝐶𝑟𝑖𝑛𝑔 =
2𝑌𝑟[1−cos (2𝜋𝛽𝑟𝑟)]
𝜔sin (2𝜋𝛽𝑟𝑟)
                                                          7-9 
 
 Where 𝑌𝑟 =
1
𝑍𝑟
, 𝑍𝑟 is the characteristic impedance of the microstrip ring, and 
𝛽𝑟 is the corresponding propagation phase constant, 𝜔 is the radian frequency 
(rad/s) and r is the mean radius of the ring, and it can be determined by 2𝜋𝑟 =
𝑛𝜆𝑔, where 𝜆𝑔 is the wavelength . With explaining the input impedance of a 
ring resonator and coupling gaps between the feed lines and the ring, they can 
be integrated to form the overall equivalent circuits. The total input impedance 
and capacitance are obtained as 
𝑍𝑖𝑛 = 𝑗𝑋𝑖𝑛 =
1
𝑗𝜔𝐶𝑖𝑛
                                                       7-10 
𝐶𝑖𝑛 =
𝐶𝑝𝐶𝑔+𝐶𝑝𝐶𝑟𝑖𝑛𝑔+𝐶𝑔𝐶𝑟𝑖𝑛𝑔
𝐶𝑔+𝐶𝑟𝑖𝑛𝑔
                                              7-11 
 
The resonant frequency for a circuit is the frequency that makes the 
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impedance seen by the source purely resistive, which means the 𝑋𝑖𝑛 = 0 . 
Using the equation above, the resonant frequency is calculated.  
   
7.1.2 Optimization and Full Wave Simulation Using CST   
 
W g a b 
2.4 0.3 11 13 
Table 7. 1 Ring dimensions with initial calculation (unit:mm) 
 
Using the method stated above, the tunable resonator using ring resonator is 
designed to work at 2.4GHz, and the dimensions for the ring resonator is 
shown in Table 7.1. Since it is difficult to find an effective equivalent lumped 
element model for ring resonator, and the equations 7-1 to 7-11 can give the 
resonant frequency directly, so there is no need to carry out the lumped 
element modeling using ADS. The dimensions in Table 7.1 are directly used to 
build 3D model in CST. Figure 7.4(a) shows the layout of the proposed ring 
resonator and Figure 7.4(b) presents the cross-section view of the ring 
resonator. It uses the same materials as the tunable devices in previous 
chapters.  
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(a) 
 
(b) 
Figure 7. 4 (a) Schematic view of ring resonator (b) Cross section view of ring 
resonator (Not drawn to scale) 
 
The full wave simulation is conducted using the dimensions in Table 7.5. The 
resonant frequencies are generated with using LCs switching from unswitched 
state to switched state. The simulated results of resonant frequency at 
unswitched and switched states are shown in Figure 7.5. As can be seen from 
Figure 7.5, the resonant frequency shifts from 2.35GHz to 2.11GHz from 
unswitched state to switched state. The tuning range is 0.24GHz and it 
corresponds to a tunability of 11.4%. Since the tunable bandpass ring 
resonator is designed to work at 2.4GHz, the optimization is carried out to 
adjust the working frequency and maximize the tuning range.  
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Figure 7. 5 Resonant frequency for ring resonator using CST 
 
Before the optimization, the influences of the each dimensions to the resonant 
frequency needs to be investigated. There are two dimension which are 
important for designing the ring resonator, and they are the mean radius of the 
ring r and the gap g between the ring and the feed lines, respectively. The gap 
g between the ring and the feed line slightly affect the resonant frequency and 
mainly affects the magnitude of the resonant frequency [Bashore, 2000]. 
Therefore, the radius r of the ring and the gap g between ring and feed lines 
are investigated using CST to find out how the changes in these parameters 
affect the resonant frequency.  
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(a) 
 
(b) 
Figure 7. 6 Resonant frequency with (a) changing mean radius r of the ring 
resonator (b) changing gap g of the ring resonator 
 
The mean radius r of the ring resonator is changed from 10mm to 14mm to 
find out the influences and the simulation results of the resonant frequency are 
shown in Figure 7.6(a). As can be seen from Figure 7.6(a), with changing the 
mean radius r, there is a clear shift in the resonant frequency. The resonant 
frequency changes from 2.82GHz to 2.02GHz with changing the mean radius 
from 10mm to 14mm with a step of 1mm. With changing every 1mm in the 
mean radius, the minimum resonant frequency changes is 0.18GHz and the 
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largest change is 0.22GHz, which means the resonant frequency is very 
sensitive to the mean radius r. Therefore, in the fabrication process, a high 
resolution mask is needed to fabricate this resonator so that the fabrication 
errors can be minimized. The gap g is then varied from 0.2mm to 0.7mm to 
find out the influences to the resonant frequency. As can be seen from the 
Figure 7.6(b), changing the gap g slightly affects the resonant frequency, which 
decreases from 2.37GHz to 2.30GHz with increasing the gap g from 0.2mm to 
0.7mm. The magnitude decreases from -29.8dB to -19.7dB with increasing the 
gap from 0.2mm to 0.7mm, which means an average of 2dB change with 
changing gap of 0.1mm. In order to have a good return loss, large gap should 
not be chosen. 
 
With the understanding of how each dimensions affects the resonant 
frequency, the optimization is carried out to adjust the working frequency and 
optimize the maximum tuning range. The dimensions for the ring resonator 
after the optimization is shown in Table 7.2, and these dimensions can be used 
to achieve the adjusted working frequency of 2.4GHz and the maximum tuning 
range. 
 
W g a b 
2.4 0.2 12 13 
Table 7. 2 Dimensions for the ring resonator after optimization 
 
 
Figure 7. 7 S-parameters at unswitched and switched states using CST 
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The 3D model is updated with the dimensions after optimization and the full 
wave simulation results using CST is shown in Figure 7.7. As can be seen from 
Figure 7.7, the resonant frequency shifts from 2.4GHz to 2.12GHz from 
unswitched state to switched state. The tuning range is 0.28GHz and it is a 
tunability of 13.2%. The 3dB bandwidth is 170MHz and remains constant at 
both states. The return loss is around -28dB at both states and insertion loss 
is nearly 0dB. The tunable bandpass ring resonator shows very good 
frequency selectivity and return loss, but the area for the ring is 𝜋 × 132𝑚𝑚2, 
which is large. Therefore, this ring structure can be alternated so that a size 
reduction can be achieved.  
 
7.1.3 Conclusion 
 
The tunable LC resonator using sing ring resonator is designed and simulated. 
It has a tuning range of 0.28GHz and the advantages of good return loss and 
very low insertion loss. However, the size for the single ring resonator is 
relatively big. In order to reduce the size, more possible structures, such as 
dual mode ring resonators and split ring resonators, can be studied in the 
future work.  
 
For the ring resonator, there are gaps between the feed lines and the ring 
structure. In order to apply bias voltage to the feed lines and the ring resonator 
to switch the LCs in the region, a novel approach needs to be found out. Since 
the bias voltage is applied separately to each elements of the tunable 
resonators to switch the LC, the non-uniformity of switching LCs needs to be 
considered and minimized to achieve the best performance.  
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Chapter 8 Conclusion and Future Work 
 
8.1 Conclusion 
 
The work presented in the thesis is firstly the design method for tunable 
microstrip devices using LCs and secondly applying these methods to the 
design of different types of tunable devices for wireless communication 
systems. The research presented in this thesis is summarized as follows: 
 
Based on the advantages of low cost, low power consumption and low loss at 
microwave frequencies, LCs are a promising tunable material to use to build 
tunable devices. Therefore, the thesis focuses on the tunable LC devices at 
microwave frequencies. For the purpose of designing the tunable LC devices, 
it is important to understand the tuning mechanism of using LCs as the tunable 
material and how LCs are responded to external bias voltage, which are shown 
in Chapter 2. In order to form an aligned layer of the LCs, LC must be confined 
between two flat substrates, which have a polymer alignment layer to maintain 
a single domain in the director field. A microwave structure that is compatible 
with the thin flat layer uses inverted microstrip structures to propagate the 
microwave field between the electrodes and a ground plane.  The LC layer 
also requires a low voltage to be applied across the layer to re-orient the 
director, thus changing the dielectric properties of the LC seen by the 
microwave field. The fabrication process of LC devices consists of two process, 
patterning electrodes and assembling the devices. The patterning electrodes 
process is developed by testing different methods, such as milling, laser 
cutting, microplotter and etching. The laser cutting and etching are decided to 
use for device which has dimension larger or smaller than 20µm, respectively. 
For LC devices, the alignment layers need to be deposited and rubbed to 
provide the pre-alignment for LCs, and it is achieved by using spin coating and 
dip coating.  
 
A general design method for microstrip devices using LCs needs to be 
developed to design LC devices efficiently with high quality. In Chapter 4, a 
novel general design method for designing tunable microstrip devices using 
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LCs is proposed. The design method consists of two stages using lumped 
element modelling and full wave simulation, respectively. This method starts 
from choosing a microstrip configuration and turn it into equivalent circuit 
lumped element model through theoretical or empirical equations. The 
equivalent circuit is built in the ADS to perform the lumped element modelling, 
where the circuit dimensions are first optimized in terms of adjusting to the 
required working frequency and maximize the tuning range. The lumped 
element model is then converted back to microstrip configuration, and it is built 
in the CST to generate the S-parameters and electric field at resonant 
frequencies. The comparison between simulated S-parameters from ADS and 
CST is made to ensure the equivalent lumped element model is correct to use. 
A final check is made to verify the approximation of using LCs as a 
homogeneous anisotropic material by comparing the electric field at resonant 
frequency from CST and director profile of LCs from QLC3D, which an in-
house finite element modelling.  
 
The proposed novel design method for LC devices at microwave frequencies 
is then tested and verified in Chapter 5. Three types of ELC resonators, where 
additional inductances or capacitances are added, are designed, simulated 
and fabricated at the working frequency of 4.8GHz and 5GHz. The merit of 
using ELC resonator is that it increases the tuning range by strong coupling to 
the electric field. The type I ELC resonator shows a tuning range of 570MHz 
(11.8%) from 4.8GHz to 4.23GHz for the simulation, and the measured results 
shows that the resonant frequency shifts from 4.76GHz to 4.29GHz, which 
corresponds to a tuning range of 470MHz (9.8%). The comparison between 
simulation and measured results show that the biggest discrepancy for the 
centre frequencies is 1.9%, which is relatively a small discrepancy. Type II ELC 
resonator indicates that the simulated resonant frequency switches from 5GHz 
to 4.47GHz, and it shows a tuning range of 530MHz and a tunability of 10.6%. 
While the measured results shows that the resonant frequency changes from 
4.98GHz to 4.51GHz with the tuning range of 480MHz (9.6%). Type III uses a 
different microstrip configuration of the feed lines and the method to connect 
to the ground plane, where the feed lines and the ELC structure are on the 
same side. The simulation of this structure shows that the resonant frequency 
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shifts from 5GHz to 4.42GHz, and it is a tuning range of 570MHz and a 
tunability of 11.4%. The measured resonant frequency changes from 4.98GHz 
to 4.46GHz, which corresponds to a tuning range of 520MHz and a tunability 
of 10.5%. However, this structure shows big discrepancies in the magnitude 
of S-parameters, which can be attributed to the loss from using this 
configuration. Therefore, the inverted microstrip structure is used in the whole 
project. Based on the comparison of the simulated and measured results for 
the three types of the ELC resonators, the novel design method proposed in 
Chapter 4 is correct and effective to use to design LC devices, and it is used 
to design all the LC devices proposed in this thesis.  
 
Having developed and proved the design method, it was applied to two classes 
of tunable resonators in Chapter 6 and 7. The first class of tunable resonators 
are designed in Chapter 6 to work at lower frequency without increasing the 
size. An interdigital capacitor (IDC) is used to generate more capacitance in 
folded area. The IDCs with different number of fingers are used to design 
tunable resonators working at 2.4GHz in the first part of Chapter 6. The tunable 
resonator using IDC with 9 fingers has the largest tuning range of 0.31GHz 
(16.6%), which shifts from 2.4GHz to 2.05GHz for the simulation. The 
measured resonant frequency shows a shift from 2.39GHz to 2.08GHz, and it 
corresponds to a tuning range of 0.31GHz and a tunability of 14.9%. The 
discrepancies between the simulation and measured results are 0.01GHz and 
0.03GHz, which shows good agreements for the resonant frequency at both 
unswitched and switched state. In the second part of Chapter 6, IDCs are used 
to design tunable resonators at 5GHz, allowing comparison with the ELC 
resonators in Chapter 5. IDC with 9 fingers is chosen to be used due to the 
largest tuning range from the simulation. Compared with ELC resonator 
working at 5GHz, using IDCs with 9 fingers can achieve a size reduction of 
26.5%. The simulation results shows a frequency shift from 5.52GHz to 
4.97GHz, and it is a tuning range of 550MHz and a tunability of 11%. While 
the measured resonant frequency shows it changes from 5.51GHz to 5.01GHz, 
which corresponds to a tuning range of 500MHz and a tunability of 10%. In 
order to achieve more accurate results, the in-house finite element modelling 
softeare QLC3D is used to generate more accurate value for the LC, and it 
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shows a resonant frequency of 4.99GHz, which shows more accurate 
agreement with the measured results. Compared with the reported literature 
of LC devices working at 5GHz, the final IDC tunable resonators using IDC at 
5GHz has the largest tuning range and tunability, and good return loss and 
better insertion loss.  
 
In Chapter 7, the tunable ring resonator is designed to explore more possibility 
of tunable LC devices.  The tunable single ring resonator is designed to work 
at 2.4GHz, and the resonant frequency shifts from 2.4GHz to 2.12GHz, which 
corresponds to a tuning range of 0.28GHz and a tunability of 13.2%. More ring 
resonator structures will be designed and tested in the future work.   
 
CST has been shown to give accurate simulation of the LC layer for the lower 
microwave frequency ranges for microwave resonators. In some ways this is 
surprising because the liquid crystal is a highly inhomogeneous anisotropic 
layer, particularly when partially switched. However in optimising the tuning 
range it is only necessary to model the extreme values of dielectric constant, 
which can be done by representing the LC layer as a homogeneous 
anisotropic layer. The true performance of the devices has been measured 
and shown to give continuous tuning of the resonant frequencies as the 
voltage switching the liquid crystal layer is gradually changed. 
 
8.2 Future work 
 
For the future work, the following are suggestions to extend the investigations 
based on the research presented in the thesis: 
 
1. Since the proposed design method is effective to use at lower 
microwave frequency, it would be useful to consider extending the 
method to higher frequencies. The design method approximates the 
LCs to a homogeneous anisotropy material in CST. At the higher 
microwave frequencies, this approximation may fail, because the LCs 
may be switched to a very inhomogeneous state in the regions where 
there is a high microwave field. In these cases, an efficient method to 
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take the LC director modelling profile and represent this as an 
inhomogeneous material in CST needs to be found out. Another 
consideration in the higher microwave frequencies is that a coplanar 
waveguide (CPW) is a more suitable waveguide as SMA connectors 
are not suitable to use higher microwave frequencies due to loss. Thus, 
the resonator’s input needs to be redesigned to make them compatible 
with CPW. 
 
2. In the Chapter 7, the designed tunable ring resonators have gaps 
between the feed lines and resonator structure. Therefore, a new 
method needs to be developed to connect the feed lines and resonator 
structures without affecting the performance of the resonators. 
Moreover, the non-uniformity of the LC switching needs to be 
considered and realized in the simulation which may eliminate the 
discrepancies between simulation and measured results.  
 
3. The material used in this thesis is LCs from Merck E7, which anisotropy 
is not high. Therefore, LCs with higher anisotropy, such as GT3 series 
LC can be used in these resonators to achieve more tuning. However, 
in the proposed design method, the impedance matching can be 
realized at one state, which may cause impedance mismatching at 
another state. Using LCs with higher anisotropy may make the 
mismatching at one state worse.  
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